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ABSTRACT 

The plutonic members of the complexes that comprise the 

Younger Granite 3-rovince of Northern eigeria, include gebbros, syenites, 

amphibole-fayalite granites and porphyries, amphibole-biotite, biotite, 

and riebeckite granites, and a short petrographic account of these rocks 

is riven. Mineralogically the plutonic rocks are characterised by a 

varied assemblage of mafic minerals, of which the most important are 

members of the olivine, pyroxenc, amphibole and biotite groups; all 

the ferromagnesian minerals are iron-rich. 

Analyses nave been made of calcium and soda-rich pyroxenes, 

calciferous and alkali amphiboles, biotites, cossyrite and ilmenites, 

that cc7C- from some of the above mentioned rocks, and the anelytical 

results are preeented and discussed. Whenever possible ae acteept has 

been mane to correlate changes in chemical composition of the analysed. 

minerals with variations in.. optical properties and, in the case of the 

amphiboles, variations in unit-cell parameters. 

Compositional trends in the analysed ferremagnesian minerals 

have been discussed and compared with compositional trends in the plutonic 

rocks of the Younger Granite complexes. The possible conditions of 

formation of some of the analyeed ferromaeuesiae minerals have been 

considered in the light of experimental studies. The distribution of 

the complexes throughout the lout :r Granite irovince is commented upon, 

and. several problems of the evolution of the lounger Granites are 

discussed. 
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ikee01)UCTIO  

The complexes belonging to the Younger Granite Province of 

eieeria art scattered throughout an area of approximately 25000 square 

mile, between latitudes 8°  and 12°  north, and longitudes 8°  and 100  

east (see location Map 1). 

About forty complexes are known and a large number of these have 

been mapped in detail. Many of the complexes contain representatives 

of both volcanic and granitic cycles of activity and, weere present, 

the volcanic rocks are generally older than the vranites. early granite 

intrusions in the complexes frequently have the form of ring dykes, and 

these ring dykes may surround central stock or plugelike bodies of 

later eranite intrusions. Basic and intermediate rocks, such as gabbro 

and syenite, are sometimes associated with the granites but they are 

always of limited areal extent. The intrusive members of the complexes 

discordantly cut the Pre-Cambrian basement complex that consists of 

schists and gneisses, but there has been no contact eetaeorphism of 

the basement rocks (Jacobson et. al. 1958). 

The precise ace of the Younger Granites is unknown, although 

holmes and Cahen (1957) on the evidence then available, eueeeeted an 

early ealaeozoic age. home (1955) discusseo the results of 206PbaU 

dating of pyrochlore from Kaffo Valley, and proposed an age of 204 40 

million years for the mineral. eore recent age determinations by Darnley 

et. al. (1962) have given an aee of 159 4- 25 million years to fergusonite, 

associated with the complexes, from two localities in the Jos area. 

These authors eiso consider that the age put forward by halms and Cahen 

should be discounted, as it was based on discordant results given by 

a monasite, and this view is apparently shared by Cahen (1961). 

Previous research 

During the period 1903 to 1911, Falconer recognised that the 

Younger Granites formed a group of intrusions quite separmte from the 

Older Granites of the Pre-Cambrian easement complex, and since that time 

a great deal of research has been carried out on the complexes, particularly 

in relation to the economic mineral deposits associated with them. The 

results of more recent research nave been summarised by Jacobson, MacLeod 
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and Black (1958) and these authors give details of the distribution and 

structure of the complexes, as well as a detailed account of the rock 

types that form the individual intrusions. 

Present research: 

in 1958 a group fre:. Imperial College, honeon, led by 

Dr. j.4. Butler, visited the Jos area and, with the co-ommation of 

the Geological Survey of Rigeria, collected a large number of rock 

samples from several of tee complexes. This material. has been used 

by the staff and. research students of the Geochemistry department of 

Imperial College, for trace element variation studies on the rocks and 

minerals, and the information that has been obtained has considerably 

increased, the existing knowledge of the chemistry of the granites 

(Butler et. al. 1962, Bowden, 1961). 

The research carried out by the auteor waa a continuation 

of these previous researches on the .Nigerian Granites, and it consisted 

of a chemical and petrological study of granitic rocks from several 

complexes. More particularly, the author has investigated the range 

in chemical composition shown by the members of the pyroxene, biotite 

and amphibole groups, which are among the more important of the ferro- 

magnesian mineral groups to be found in the Younger Granites. 

This thesis presents the results of these investigations and 

it is divided into three sections: 

Section A gives a short account of the petrography of the plutonic 

rocks from the complexes, including all those rocks irom which the 

author has separated minerals for analysis. 

Section B discusses che variations in chemical composition, optical 

properties, and unit-cell parameters of a number of mafic minerals 

(cell parameters of the amphiboles were determined by M.T. Frost, B.Sc., 

of Xanchester University). 

Section C examines the possible relationships between members of the 

ferroinagnesian mineral groups, as indicated by their compositional trends, 

and the trends in the minerals are briefly compared with the trends in 

the granitic rocks from several of t1' eigerian complexes. The possible 

conditions of formation of some of the eranites are considered in the 



light of experimental work on a number of relevant mineral groups. 

The distribution of the complexes throughout the Younger Granite 

Province is dealt with briefly and the nature of the igneous cycle 

of activity in a number of selected complexes is discussed. 
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SECTIOe A 

The plutonic rocks from the Younger Granite complexes: 

The plutonic rocks that form the bulk of the complexes include 

abbros and. cyenites, amphibo/e-fayalite porphyries and granites, amphibole- 

biotite granites, biotite and albite-biotite granites, arfvedsonite 

granites and porphyeleu, end riebeckite and albite-riebeckite granites. 

The basic and intermediate members of the complexes are relatively 

unimportant, accounting for only 5 by area of the total of intruoive 

rocks. 

There is no really typical sequence of intrusion of these 

various rock types in any one cycle of activity, but in a :weber of 

granitic- cycles the order is oldest intrusions first): 

1. T.'yreeene-fayalite or amphibele-fayalite 
graaite or porphyry 

2. Amphibole-biotite granite 

3. Biotite and albite-biotite granites 

4. Riebeckite granite 

5. Albite-riebeckite granite 

Petrography of the igneous rocks: 

Kodal analyses of a number of rocks were made by the author, 

and for this purpose an average of three slides of each rock were used 

end approximately 5(h0 counts were made. For porphyritic rocko, eeparete 

counts of phenocrysts and groundmase were made if poasible, and in such 

cases up to12000 counts were made of each porphyry. As far as possible 

only discrete grains of albite have been included under the beading of 

model albite, although there may have been a considerable amount of 

albite twinning visible in the perthitic felspar. 

All the rocks from which the ferromafelecian minerals have been 
analysed are described in this oection; in addition, in order that the 
section should be a complete account of the various plutonic rocks 

occurring in the Younger Granite comeIexee, descriptions of a gabbro 

and e number of biotite granites ere included although none of the 
minerals in those rocks has been analysed. The nomenclature used is 
that given by Jacobson et. al. (1958). 
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(a) Gabbro: 

The Mama Gabbro which comes from the Tof complex (in the 

southern part of Ulu Sha-44deri complex), is a medium to coarse 

grained biotite gabbro. The biotite in this gabbro is partially 

altered to chlorite, and the presence of sheaf-like aggregates of 

biotite or chlorite crystals suggests thet there has been limited 

recrystallisation of some of the biotite. remnants of the diallage 

variety of eugite are present, Out a large proportion of the pyroxene 

has been converted to uralite. apidote arid calcite are present, the 

latter apparently being an alteration product of plagioclase felspar. 

iron-titanium oxides axe abundant in this gabbro, aad they-  consist 

of homogeneous grain of magnetite and ilmenite, and occasional magnetite 

grains which contain exolutioa lamellae of ilmenite. 

(b) Svenitea 

The only syenite studied by the author is PB.48 from kankshin, 

the modal analysis of which is given in Table 1. This syenite is of 

medium grain size and contains a little quartz, abeedant orthoclase 

perthite, in which albite twinning is sometimes visible, end. some albite, 

which is present at felspar grain boundaries. The original texture 

of this rock has been partly obliterated an the boundaries between 

felupars are often indistinct wavy or sutured lines. Ferromagnesian 

minerals. include interstitial ferrohastingsite, ejeochroic from light 
straw (X) to deep olive-green (Z), associated with iron-oxides cr 
pseudomorphs after fayalite, and a pale-green ferroangite which has 

a maximum extinction angle of 450  and which appears to be of early 

formation. 

(c) Amphibole-faealite porphyries and granites: 

Two of the rocks studied are described as porphyries, PB.71 

from Shere Hills and Pb.13 from Liruei, and their modal analyses are 

given in Table 1. 

In Pb.13 phenocrysts of bipyramidal quartz, perthitic alkali 

felspar, pyroxene and fayalite, of grain size Imm to 3mm, lie in a 

grount'elase which contains quartz and felzpar, zircon, calcite, ilmenite 

arid minute feathery cryetele of amphibole, and this groundmass is too 



Modal 
Syenite and amphibole-fayalite 

TABLE 1 

and porphyries granites 
analyses 

?B.48 P13.13* P8.71 PB.47 PB.94 PB.38 

Quartz 1.2 21.8 25,7 27.3 32.6 23.0 

Orthoclase and 
microcline perthite 79.6 62.3 63.6 56.6 60.5 6 .3.1 

Albite 11.4 - 1.4 11.9 1.1 3.. 

Biotite - . 0.3 tr. 2.6 1.4 

Hornblende 4.5 6.2 5.1 2.6 2.1 3.6 

Fayalite tr. 3.3 2.8 0.8 0.7 tr. 

Opaque oxides 1.0 0.5 0.7 0.2 tr. 0.1 

Zircon 0.3 - tr, tr. tr. tr. 

Fluorite . . 0.4 0.5 0. - 

Others (mainly 
calcite, epidote 
or allanite - tr. - . tr. tr. 

Ground 
Phenocrysts 52:48 

For key to all Tables in thesis, see Appendix 1. 

*Phenocrysts only. 
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fine-grained for a count to be made of the Individual minerals. ehe 

quartz crystals are genernlly well shaped with sharp outlines against 

the groundmass, hut occaseeeally they are deeply em bayed, as are 

a number of the alkali felepar phenocrysts. Pyroxene phenocryats are 

approximately imm in size, they are ueually ,,zoned and have what appears 

to be an altered hederibergite core that paeses out into a green aegirine 

rim (and this aegirine zone may pass into an outer amphibole rimj. No 

fresh fayalite occurs as peenocrysts but pseudomorphs of pose:Ude 

iddingsite and serpentine after fayalite are present and these are of 

similar size as the phenocrysts of pyroxene. Some pyroxene, calcite 

and iron-oxide are associated with these pseueomorehs. Amphibole, of 

greenish-brown to bluish-green ;Aeocixelem, occurs in several forme 

in his porphyry although never es well shaped peenocrysts. it occurs 

as reaction rime around the fayalite and pyroxene phenocrysto, the outer 

edges of this ampeibole occasionally having a blue colour and a spongy 

texture (see Fig. 1). The groundmass contains maw completely sieved 

.rains of amphibole that resembleporphyroblasts, and a large•number 

of tiny blue- fibroid crystals that apparently crystallised during a. 

very late stage of magmatic cooling. 

Pe.71 from Shere hills is a eedium textured rock: with an 

average grain size of lmm ann it is generally noneporphyritic, although 

some coarse perthitic leleper -erains are nearly 5mm in length and a 

number of fayalite remnants are about 2n in length. lee perthite and 

quartz show good granitic texture aee were apparently formed together. 

Tnctreme cloudiness, sutured grain boundaries and very little evidence 

of uneixieg to albite are the main features of the perthitic felspar. 

Fayalite is the moot important ferromagnesian mineral present and. although 

acme of this fayalite ie uuusually frees, ell  stages of eorpentinisetion 

and alteration of eee wineral can be seen. Very often the altered 

remeante of fayalite tare associated with limonite and a very dirty-

brove rugged ferrohastineeite which oae fore a reaction rim to the fayalite. 
The ferroaaatineeite is pleochroie from dull gola Lo des' greenish-brown 

and is not very abundant. Minute zircon crystals and small acicular 

crystals of apatite occur as accessories. 
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The amphibole-fayalite ereeites include PB.47 from Pankshin, 

P13.94 from eoseBukeru aed PB.38 from :Sha-Kaleri complex, the modal 

analyses being given in Table 1. 

l'B.47 has a rather irregular texture due to unmixing of 

perthitiefelepar and some replacement of quartz and felspar by albite, 

but generally the grain size is between 0.5me and 1.5mm with some 

coarse interstitial quartz grains and. occasional perthites that reach 

9mm in length. Straight boundaries between felspar grains axe uncommon, 

most of the boundaries being wavy, sutured or indistinct. A little,  

of the perthite shows pericline twinning. The amphibole is of grain 

size 1mm to 1.5mm and is pleochroic from light-brown to deep brownish-

green, and eithouge some tabular sections occur which appear to be of 

early crystallisation, the majority of grains are either ragged and 

interstitial or ragged and lath-shaped. Fayalite is reaseeably fresh 

in this rock and is present either as small annedral crakes about 

0.5= in. size which are being altered to serpentine and iddingsite, 

or as elongate crystals of 2mm to 3uir: length which are only slightly 
altered. There is a smell amount of pale-green pyroxene present, which 

has a naximum extinction angle near 400, and which is probably close 

to ferrehedenbergite in composition. Biotite, iron-oxide, zircon, 
apatite and some coarse fluorite axe accessories. 

Ph.94 contains ferromagnesian minerals 0.5mm to Lam in eiee 
and quartz and pertuite, both of which are between harm and 4mm in size, 
and these two minerals may occur as graphic intergrowthe. Albite occurs 
at the grain boundaries of felspare and is probably of exsolution origin, 

but a little of the albite appears to be a late replacement mineral. 

Biotite is pleochroic from light to dark-brown and in present as small 

ragged interstitial grei or associated with amphibole, iron-oxide, and 

fayalite eseudomorphs. Some alteration of the biotite to chlorite has 

taken place. Stringers of small biotite grains are scattered through 

the perthite grains and they may be of secondary origin. The amphibole 

is often subhedral and is _preeent as email grains that are pleochroic 

from light-brown to deep greenish-brown, but some of it may originally 

have been in reactions rims around what now appear to be fayalite 
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pseudomorphs. Abundant iron-oxide, zircon and fluorite are present 

as acceseorieu. 

P8.38 from Kaleri is a•generally medium grained rock but the 

perthitic felepar grains eometimee reach 6mm in length. Albite twinning 

is often visible in the perthite which is elightly altered and may 

show zoning, in patches the felspar is graphically intergrown with 

quartz but most of the latter is interstitial. Amphibole grains are 

rarely more than Lmm in length and although there are some tabular 

sections, many of tle grains are ragged and interstitial to quartz 

and felspar. Slight zoning can be seen in a. number of the aephibole 

grains and the mineral is strongly pleochroic from light-straw to 

deep brownish-green. Very rare amall grains of bluish-green amphibole 

also occur. Biotite, which is pleochroic from light-straw to brownish- 

black, is present mainly in grains less taan 1mm in length and many 

sections are tabular in shape. One or two patches of a green secondary 

mineral may be serpentine after fayalite and accessory minerals include 

zircon, in-oxide end apatite. 

(d) Amphibole-biotite granites: 

Several of these granites have been studied, including P13.36 

from Kaleri, Pli.87 from Amo, PB.45 and PB.51 from Pankshin, Pfl..24 from 

Sara-Fier and P13.96 and Pb.97 from Jos-Bukuru. Modal analyses are given 

in Table 2. 

has a good granitic texture and at average grain size 

between lmm and 3mm. Patches of the perthite are strongly sericitised 

and there is very little exsolved albite visible. The original ferro- 

teeneeian minerals, biotite and amphibole, are also altetee, particularly 

the biotite which is green in colour. Oeaque iron-oxide is a common 

associate of these altered miterale, 

eE.87 is a medium to coarse grained rock in which the minerals 

are between 1.5mm and 5mm or more in size. .Viicrocline perthite and quartz 

are abundant, compared with albite and the ferromaenesian minerals which 

are of sparse occurrence. eoundariee between feispars are often indistinct 

and sometimes replaced by a narrow zone of interrown tongue-like protrusions 

of felspathic material. Less commonly a line of tiny albite crystals 



rA34-;.E 2 

granites Amphibole-biotite 
Modal analyses 

PB.87 1-13.45 ,,,0.,01  

quartz .4.T.) 31.:3 ;_- -7. .,3:3. 26.6 18.5 27, 

Orthoclase aA 
microcline perthite ,:,6.4 Ck.F.', ;:f/.7 6;..7 68.7  

Albite tr. tr. 1C,.. (;) 1,7 3.6  

Biotite 	) .3 6 tr. ::.;..3 I. 

ornblende ) 
) 

.,1, i 	1 1,;,-, 4.7  

Fayalite 

Opaque oxides 

. 

tr. 

- - 

( 

_ +4 ,r. - 

( 
Zircon - ( 	0.4 tr. tr. ,:,1' • 

( 
Fluorite tr. ( tr. - ( :_ -3 - 

Others (mainly calcite 
apatite and allanite) . tr tr. _ . - 



delineates the microcliue felspar E.-rain boundaries. uiotite occure 
in patches and although a little of it is interetitial the majority 
appears IAD have formed contemporaneously with quarte ane perthite, ln 
colour the biotite is eleochroic frog (old to brewniah-black, are 
grains of greenish-brown amphibole occur interstitially. 

in P3.45 the perthite grains are between 1xw and 5mm in 
lengtn and may coutain albite crystals which appeer to have been exeolved, 
ether subhedrul greins of Aleite which occur in the rock are of uncertain 
origin eithoueh a few .pper to be replacing perthite. euartz is granular 

or interstitial and up to 4min in diameter. eubhedral mephibole is . reeent, 

him to 2mm in length, no it is strongly pleoceroic from light-buff to 

deep blackish-green and many of the: amphibole grains have a, beotite core. 

eoet of the biotite is sunnedral and apparently formed eith the emphibele; 

well shaped grains of both amphibole and biotite eccur toeether and may 

be surrounded by more ragged patches of the same minerals. night alter- 

ation of the amphibole and biotite has taken place. 	11zircon crystals, 

a little iroe-oxide, strongly zoned allanite, acicular apatite crystals 

and me fluorite, are the acceeeories. 

en.51 is also from i?ankehin and contains similar accessory 
minerals to ee.45. Tee perthite graine, which are less than lmm to 

approxinately 4mm in sine, contain only a little exsolved albite and many 
of the exsolution Lamellae of aleite are highly curved. Quarto has an 

average size of 1mm but grains up to 4mm in size are present. The amphibole, 

which is pleochroic from light-straw to brown, is eometimes patchily zoned, 

comeonly twinned, And the grains are often ragged end usually lmm or less 

in length. eiotite rarely occurs as well shaped ernine and may be interstitial 

to the felsic minerale. 

and P13.97 are early hornblende-b otite reenites from eom 

and Joa-Bukuni complexes; both rocks are coarse textured and the perthitic 
felspar mad be intererown withnuartz. ;ectches of nearly discrete albite 

Brains (Fig. 1) showing' sharp lamellar twinning occur in a number of the 

perthite grains and albite also appears t felspar gralm boundaries. 

iericline twinning is also well developed in the elaeioelase of PB.97. 

The biotite is strongly pleochroic from dark-brown to nearly colourless; 
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it is commonly interstitial or it may occur as trains of ragged grains, 

less than Imm long occurring in the felspar. Tile amphibole is pleochroic 

in light-browns and deep-greens and forms elongate interstitial grains 

up to 1.5em long, or it occurs with biotite in clusters of mafic minerals 

which include biotite, amphibole in tuft-like aggregates, and iron-oxides, 
and these minerals are associated with patches of very spongy amphibole 
and sheaves of small biotites. Accessories are fluorite, coarse zircons, 

and acicular grains of apatite. 

'8.24 from Sara-Fier contains coarse perthite grains up to 

tin in length together with smaller perthite grains between 0.5mm and. 

2mm in size. Albite is visible in some of the perthite but is rarely 

developed at Ernie boundaries. 'aany of the smaller perthite grains have 

extremely natured, indistinct grain boundaries ano some reerystallisation 

may have occurree in these areas. Quartz is less coarse than the perthite, 
forming arains up to 5mm in else, and it is often fractured. A brownish-
green amphibole is the most abundant ferromagneeian mineral present and 
some grains of this amphibole nave a bluish-green margin. The rock also 
contains patches of a bluish-green fibrous amphibole, iluienite, a little 
dark-coloured biotite, epidote, coarse zircon crystals ass small grains 

of fluorite. 

(e) Biotite aranitee: 

Two biotite granites from Amo complex, the Rough Range biotite 

granite and the Area Peak biotite granite, contain microcline perthite. 

In the former granite, replacement and exeolution albite occurs, and there 

is also a small amount of greenish-brown amahibole present. The biotite 

in the Amo Peak biotite granite is slightly altered. 

Two albite-biotite granites, the Rayfield-Gona albite-biotite 
granite from Jos-bukuru and the albite-biotite granite from the north 
Sara gills, contain abundant albite, and there appears to have been eome 
recrystallisation of felspar in the Hayfield-ona granite. 
(r) Arfvedsonite granite and porphyry: 

Only two of the rocks (relating to this thesis) have been 

described as arfvedsonite bearing, and these are the Hotum arfvedsonite 

Granite from Sha-ialeri (PB.37), and PB. b from Liruei which is a. porphyry. 
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The modal analyses of these two rocks are given in Table 3. 
P13.37 is a medium grained rock rich in ferromagnesian minerals 

and also perthitic felspar, which contains little albite and which is 

frequently intergrown with quartz. The arfvedsonite is strongly pleochroic 

in light-browns and bluish-greens, but the colour is variable and the 

mineral is usually intensely zoned. Some of the arfvedsohite occurs 

interstitially or as muall grains which merge into fibrous aggregates, 

but a high percentage of tree mineral occurs, often as partly rounded 

grains, in clusters of mafic minerals which include serpentine and idding-

site pseudomorphs after fayalite, iron-oxide and remains of aegirine 

or aegiritee-rimmed pyroxene. A considerable number of email euhedral or 

subhedral grains of aegirine aim fayalite paeudomorpbs occur enclosed 

in the perthite grains, together with small -grains of iron-oxide and 

fluorite. An interesting. feature of the rock is the number of xenoliths 

of earlier, often porpeyritic, granite that it contains. 

PB. 6 has phenocrysts of perthite, quartz, pyroxene, amphibole 

and fayalite pseudomorphs, of grain size between 0.5mm and 3mm, set in 

a groundmass of sieilar minerals and of grain size 0.05mm to 0.5mm. 

The perthite is sometimes twinned on the Saveeo law and does not show 

extensive unmixing features. Some overerowth of felspathic material 

on the perthitic felspar appears to have taken place as the original 

outlines of the perthite can often be seen within the new grain boundaries 

which are indistinct and embayed. A similar embayuent is also seen at 

the margins of many of the quartz phenocrysts. Only a few pyroxene 

phenocrysts occur and these may be zoned (particularly is the finer-

grained facies of the rock), the outermost zone being pleochroic from 

emerald green to deep emerald green. These pyroxene ehenocrysts may 

also oe partly mantled by amphibole but generally the amphibole occurs 

as phenocrysts which are pleocbroic from ereenishebrown to bluish-green, 

and as reaction rims to the fayalite. In the Kroun(kasz the aephibole 
forms raged interstitial graiee of late formation. Calcite, fluorite 

and rare grains of deep-red biotite also occur in the erouedmase. 

(g) Riebeckite granites: 

The riebeckite granites have been described as riebeckite- 
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biotite, riebeckite, aegirine-riebeckite, or albite -riebeckite granites, 
but it should be emphasised that the number, and kind, of ferramagnesian 

minerals to be found ie an intrusion of any one of these rock types, 

appears to vary sligetly.  ie different parts of the particular ietrueion. 

The medal analyses of these granites are given in Table 5. 

P1L2e comes from the biotite-rich feciee of the riebeckite- 

biotite granite found in the Amo Complex, the outer mareen of this 

intrusion being almost free of biotite although riebeckite and astropeyllite 

are abundant. eiotite increases relative to riebeckite on going toward 

the inner margin of the intrusion, and in the inner margin the two minerals 

are present in approximately equal proportions. PB.2e is from this 

inner margin and PB.30, which is described later, cones from the riebeckite- 

rich outer mareen. 

Pe.2e is a medium textured rock of grain size lmm to 3mm, but 

occasionally the perteite grains reach Omm in length. The perthite 

is a microcline variety in which the grain boundaries are often blurred 

or indistinct or marked by very small albite crystals. Albite twinning 

is commonly seen in the perthito. gost of the quartz appears to !lave 

crystallised with the felspar but a little of it is obviously interstitial 

to the other mineruls and is of late formation. The biotite has a very 
striking appearance, being pleochroic free a bright foxy-red to a deep 
eull-brown, aid it usually occurs in clusters of grains which are up to 
lam in length. The riebeckite is also present in grains up to lesa in 
length and is pleochroic from light olive-green to blue-black. 

Although the texture, amount of albite present, and distribution 

of dark minerals varies considerably, from section to section and from 
rock to rock, the most imeortaet features of the other riebeckite granites 

can be summarised: 
A. small number of the riebeckite granites, 115.50, PB.57 and 

PB.58 from eara-Fier, are medium to coarse grained rocks containing 

abundant vein perthite which shows very little evidence of exeolution of 
albite or of replacement by the latter. Aiebeckite ie sparsely developed 

and may be found interstitially or as feathery aggregatee of very small 
crystals of late formation, and the mineral may be zoned or twinned, No 



Modal analyses 

TABLE 5 

granites of riebeckite 

R. 	3 R. 	7 R.20 R.50 R.57 R.58 R.63 R.64 R.65 R.83 R.84 R.85 R.30 R.79 R.92 
.... 

, Quartz 29.9 27.0 34.9 36.4 33.6 31.2 34.7 32.8 32.3 32.6 28.1 36.4 23.7 32.1 2t.0 

Alkali felspar 
(perthitic) 42.7 58.2 62.1 60.1 64.9 62.7 49.9 52.9 56.2 55.9 58.1 53.3 66.2 48.8 59.6 

Albite 13.3 9.1 1.2 2.6 tr. 0.8 7.4 8.7 7.4 7.4 5.7 7.8 4.4 12.3 3.2 

Biotite - 0.3 - tr. - - - 

Amphibole 8.1 2.4 1.8 0.5 1.3 4.6 5.3 4.0 ) 2.1 5.8 0.4 6.7 3.8 q.2 
)1.6 

Aegirine 1.0 2.9 - - 2.2 1.3 ) 0.7 1.3 - - - 2.8 

Opaque 
minerals - - tr. - - tr. - - - 0.7 0.2 1.4 - - 

Zircon C.3 tr. - tr. tr. - tr. tr. 

Pyrochlore 1 	- .4. 	L. . - WI MO 
." - - 0.3 

Cryolite 3.1 - - - - - "" 
,IM •N• .• 

- 
m* - 2.5 - 

Topaz - - - 0.5 - 

Astrophyllite - - - 0.4 tr. - - - - 0.5 0.3 0.3 tr. - 

Calcite - - - - - - .. ..• "' 0.1 0.4 - - - 
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aegirine is present. In PB.30 from Amo the riebeckite may occur as 

small late interstitial grains or as elongate ragged grains, but there 
is a great deal of replacement albite present and the texture is less 

uniform than that of the previous group of riebeckite granites. 

Several of the rocks, PB. 7 and P13.20 from Liruei, PB.63, 

PB.64 and PB.65 from Shere Bills, PB.83 and P13.84 from Kigom Hills and 
PB.92 from buji, contain both aegirine and riebeckite. These rocks vary 
considerably in grain size and texeare and in the degree of exsolution 
and albite reeiacement that they show. The relative proportions of 
riebeckite and aegirine are also variable; in Pima) they are approximately 
1:1; in PB.65 there is very little aegirine, and in the others the ratio 
of riebeckite:aeeirine is 2 or 3:1. Both minerals may be of early or 

late formation, either may act ae core to the other (even in the same 
rock section), they mete form ;parallel elongete intergrowths, and occasionally 
they replace one another. In 2B.63 large riebeckite crystals are often 
partly mantled by very small late formed aegirine crystals, and small 
aegirine grains have also formed along fractures in some of the riebeckite 
raine. Zoning may occur in both minerals an the riebeckite does not 

always go into extinction. 
PB. 3 from Liruei and ?B.79 from emo show very extensive 

replacement of all other minerals, .including riebeckite, by email albite 
laths. These two rocks also !lave a number of uncommon accessory minerals, 
ixicluaing cryolite (distineeished from fluorite by its pseudo—isotropic 

character), pyrochlore, and topaz. The felspar in PB.79 is dominantly 

microcline—perthite. 

Common accessories in many of these granites include astrophyllite, 

fluorite, allanite, biotite, and zircon. B13.63 and Ph.84 from 'agora Hills 

also contain ore aieerals (molybdenite, pyrite and chalcopyrite) which 

are accompanied by calcite. 

Summary of the main petrographic features of the granites: 

Amphibole granites  The amphibole in these rocks freeuently forms a 
reaction rim to the fayslite or pyroxene. Fresh fayalite is uncommon and 
the mineral is either altered or it is present as remnants. In the 
porphyries the phenocrysts are euhedral or subhedral and quartz may be 
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present as the high temperature bipyramidal form. Pertnitic alkali 

felspar is always abundant but the percentage of modal albite is variable. 

Amphibole-biotite granites: In these granites the textures are of 

medium to coarse type. Yerromagnesian minerals may have a subhedral 

form bet they are often interstitial to quartz and felspar and of 

late formation. The biotite in the granites is often altered. 

Biotite and riebeckite granites:  Exuolution and replacement textures 
in the perthitic felspar are comron in these rocks and the proportion 
of replacement albite is high in the albite-biotite and albite-riebeckite 

ranites. Aegirine is a frequent associate of the alkali amphibole in 
the riebeckite granites. 

In Fig. 2 the modal compositions of the granites previously 
discussed have 'een represented in terms of the three main components: 

quartz, alkali felspar and albite. The Nigerian granites snow some 
similarity in their modal compositions to the Skye granites (Jowen and 

Tuttle, 1947) but they occupy a slightly more extensive field than the 

latter granites. However, the author has previously pointed out that 

where possible only discrete grains have been included under the heading 
of modal albite; if all the patchy areas of albite in the perthitic 
alkali felspar had been included in the modal albite, it would have 
shifted the field occupied by the A.gerian granites further toward. the 
albite apex in eig. 2. 



FIG: 2 Modal composition. of W9erion Granites 
compared with granites From the 
United States and Skye. (Tuttle and 
Bowen, 1958) 
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SECTION B.  

MAF1C MINERALOGY OF THE YOUNGER GRANITES  
MAJOR eILICATE GROUPS: 
(1) Pyroxene group: 

Pyroxenes occur in many of the igneous rocks from the Younger 
aranites and in composition they can be divided into (a) calcium-rich 
and (b) soda-rich pyroxenes. 
(a) Calcium-rich pyroxenes: 

Pyroxenes of this type occur as a major constituent of the 
basic and intermediate rocks aria amphibole-fayalite-pyroxene granites 
and porphyries but, unfortunately, it is always difficult and very often 

impossible to separate sufficient fresh material for analysis. 
Table 5a gives the analysis, formula and optical properties 

of Px.48, a ferroaugite from the Pankehin syenite (PB.48). The formula 
has been calculated on the basis of six oxygen atoms ireaccordance with 
the method proposed by Hess (1949). Analyses of a number of other 
ferroaugites from Icelandic pitchstones, discussed by Carmichael (1962), 
have been reproduced in Table 5b for comparative purposes. 

Attempts to determine the composition of other calcium-rich 
pyroxenes from the younger Granites by means of optical data were 
abandoned, as the'couposition of the analysed specimen could not be 
accurately deduced from the optical curves of' either Muir (1957) or 
Carmichael (1960), and because pyroxenes from. the Nigerian granites often 

show marginal alteration that affects refractive index eeasurements. 

Compared with the ferroaugitee from the Icelandic pitchstones, 

Px.45 contains slightly less Si and more Al in the Z-group, and in 

these respects it is more comparable with several of the ferroaugites 

from the Simergaard intrusion. It also contains more Ti, Al, leP", 

and alkalis (particularly K) in the WXY-group than does the averaee 

Icelandic ferroaugite. The relatively large amount of Al and fe'" in 

octahedral co-ordination might be responsible for the high value of es 

for this pyroxene. Fig. 3 shows the position of the eigertan ferroaugite 

in relation to the trends of the Icelandic and Skeergaara pyroxenes. 
(b) Soda-rich pyroaeTlee: 

Pyroxenes which are very close in composition to end-member 



chemical anal7p,k., ux DyroxeneL, calculate& to 6 oxygen atoms and formulae 

Ac.32 AL. 3 ix.48 

SiO2 50.05 50.66 51.92 47.82 
Zr02 .16 0.15 n.d. n.d. 

Al203 0.45 0.59 1.85 2.59 
TiO2 1.58 0.65 0.77 0.75 
pe203 29.95 33.27 31.44 3.37 
ee0 2.89 0.82 0.75 20.55 
MO 0.33 0.08 - 0.89 
Mg0 tr. 0.05 - 4.76 
CaO 1.91 0.29 - 18.52 
l'a2u 12.59 13.65 12.86 0.90 

K20 0.28 0.23 0.19 0.26 
A20 n.d. u.u. 0.17 n:d. 
- 0.06 0.03 n.d. n.d. 

100.25 100.47 99.'15 100.41 

1.733. 
AO 1. 	; 

€ i t 43.e 

Si 1.941 1.957 1.894 
Z 	Al 0.021 0.027 - 0.091 

Zr 0.003 0.003 
( 	Ti 0.035 0.013 

( 	Ti 0.011 0.006 „). 	2 0.022 
( 	Al _ ,.,) 0.030 
( 	Fe"' ,.,..874 0.968  
( 	Pe" ...094 0.026 ..e_ 0.681 

wXY ( 	In 0-11 0.003 - 0.030 
c 	Mg 0.003 <- 0.281 
( 	Ca 0.079 0.012 - 0.786 
( 	=la 0.946 1.023 0.95 0.069 
( 	K 0.014 0.011 O. C1 0.013 

Z 2.000 2.000 1.0 1.985 
WILY 2.029 2.052 1.90 2.012 



BLE 5 (b) 

Caemical analyses of ferroRite frc. 	Icelandic pitchstones 

-6- 3. 4. 

$IO 48.76 4.01 49.05 49.10 
2 

Al 0 0.9 • 
23 

TiO 0.47 0.91 0.63 
2 

Pe 3.36 2.21 3.17 
2 3 

FeO 19.42 20.32 21.97 

Mn0 0.73 1.23 0.06 0.98 

Afgo 5.07 4.52 3. '70 

CaO 1. 19.92 19.32 18.86 

Na 0 C.6e, 0.3P 0.57 0.92 
2 

K 0.11 0, fl 0.14 0.11 

•9.90 10 100.51 

A L . 7 2 1.727 1.732 

Atomic  

Ca . e3.J.F) 42.6 

Mg 14.1 11.7 

Fe 4,1 45.7 



FIG. 3 Position oG Nlerian Ferroau9ite 
in relation to t rends in 
Icelandic. and Skaer3aurJ.  
Ferroat.491 tes. 
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aegirine (NaPe"'Si206) are of sporadic occurrence in the riebeckite 

granites but, with a few exceptions, they are always modally insig—

nificant. 

Table 5a gives the analyses and formulae of three aegirines 

from riebeckite granites, two of which were analysed by the author 

and the other by F.A. Gonyer (discussed by Greenwood, le51). 

The most interesting features of the analyses of these 

aegirines are the extremely high contents of soda and ferric iron. 

Atomic proportions of alkali are always slightly in excess of ferric 

iron and this apeears to be common in acmitic pyroxenes (see Sabine, 

1950). Ag.20 has a surprisingly high content of ferrous iron, but the 

amount was confirmed by a duplicate analysis. The CaO content of this 

aegirine is also high and coepares with that (1.8(Y) of an acgirine 
occurring in a syenete from the dorotu District of dakhalin, reported 

by Yagi (1953). 3oth Ag. 20 and Ag.92 are deficient in Si and Al 

compared with the aegirine from Kigoni, and a small amount of Pi had to 

be included in the 2—group of these two minerals. 

The most unusual of the three aegirines is Ag.92, the soda 

content of ahich is 13.65e, compared. with a theoretical limit for 

aegirine of 13.41e:e To check the accuracy of the soda determination a 

triplicaie analysis was carried out, on different amount e of Rennie and 
on separate occasions. Two of the determinations were made by the author 

and the other by Dr. I.S.E. Carmichael; the results confirmed the very 

high soda content of Ag.92. Possible explanations for this excess soda 

content are (a) the mineral crystallised from a residual magmatic liquid 

that was enriched in sods. and was slightly deficient in total iron and 

(b) there has been some deuteric replacement of ferric iron by alkali 

in this mineral. et) convincing evidence can be given to support (a) 

as the aegirine in the rock concerned (PD.92) appears to '4).Are formed with 

the alkali amphibole R.92 which, although very rich in soda, is not 

abnormally enriched in the latter component relative to iron. Somewhat 

better evidence can be advanced in support of (b); albite has replaced 

some of the original felspar of the rock and the texture of the felspar 
suggests that a certain amount of recrystallisation has taken place. In 
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addition, many aegirine and amphibole grains appear to have - suffered 

limited marginal replacement by albite. 

Trends in peeoxenes from the Youeeer eranitee: 

in view of the lack of precise information about the 

composition of many of the calcium-rich pyroxenes from tee granites, 

it is perhaps oetimiatic to attempt to discusa Lee compositional trends 

in the eigerian pyroxenes. eowever, a certain amount of indirect inform, 

atioreabout changes in composition in the pyroxenes has been obtained 
from petrographic 'studies on the•roeke, although such information must 
be used with caution. 

In P13.47, an amphibole-fayalite granite from 3ara-F er complex, 
a peJe-green pyroxene occurs which heel an extinction angle of 4Q0 
and this pyroxene is probably ear hedeneergite in composition, zoned 

pyroxenes occur in FB. 6 and PB.13, both. of which are porphyries from 
the eiruei complex. Ie P. 6 a small number of phenocrests are present, 
some of which have cores that are pale pink or greenish in colour and 
outer zones which are pleochroic from emerald-green to deep emerald-green; 
this outer eonal material has a maximum extinction angle of 17o  and. it 
is presumably of sodic composition. The 4 value of the marginal 
material is greater than 1.738 but accurate measurement of es was not 
poesible. in ?b.13 the phenocryst cores again appear to be of hedenbergitio 

composition and they are rimmed by green aegirine which has meeimum 

extinction angle below 20°. The Memoir by Jacobson et. al. (1958) 

gives e /e value of 1.741 and 2V of 63°  for the hedenbergite core of 

the pyroxene from PB.13. It is probable that both these porphyries 

were intruded when the composition of their residual magmas had become 

enriched in soda. Rapid cooling, indicated by the fine-grained groundmass 

of each of the porphyries, prevented further reaction of the Bode-rich.  

residuum with the pyroxene phenocryste and resulted. in the deposition 
of aegirine, or soda-rich pyroxene, as marginal rims. Judging from the 

opticel evidence it seems likely that the bulk composition of each of 

the pyroxenes flex) these porphyries would be that of sodic-ferrohedenbergite. 

Further support for this euggention Gee be found in the nature of the 

ardphiboles, A. 6 and A.13, that co-exist with the pyroxenes in these 
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porphyries. Both these amphiboles, which will be discussed more 

fully later, are sodic in composition and they occupy a position 

which is nearly intermediate between the calcium-rich and alkali 

amphiboles from the Younger Granites. 

In Fig. 4 pyroxenes from several localities, including those 

from Nigeria, have been plotted in the manner suggested by Carmichael 

(1962) in order to indicate the dpgree of soda-enrichment shown. by 

calcium-rich pyroxenes. It is possible that the calcium-rich Tyroxenes 

from the Younger Granites follow a trend similar to that of the forr- 

augites from the Icelandic pitchstanez, although they are undoubtedly 

more sodic in composition than the latter. it is also probable that 

only limited solid solution between the end-members acmite and hedenbergite 

is found in the Nigerian calcium-rich pyroxenes. 
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(2) The poChleole Group: 

General considerotions of_tne fgrmulae for amtedbeles:  
The formulae for the magneoium-rich end-members of the main 

amphibole eub-groups were derived hypethetichlly by.  Sundius (1946) from 

a consideration of possible oubstitutions in the formula for tremolite, 

Ca2N 5e Si 022  (0fl)2 
 (or in its ferrous analogue actinollte Ca2 Fe"5 8 022 (0 )2  ) 8 	 ' 	' 

but only the formulae for the alkali amphiboles, riebeckite and arfved- 

oonite„ alai one of the calciumericn athibo1e ferrouastingsite, need 

be considered here. 

4ouostitutionIXOs,A1 for Ga.  g in the tremolite formula, 
undius obtained the formula for eckermannite, ha3Mg4A1Si8022(002, the 

ferrous analogue being erfveasonite. If 'ors is substituted for Ca in 

the ratio la in the ',remolite formula without filling the vacant space 
in the lattice, then valency ecijustment must be made by substitution of 

Al for Mg in the 'I-group o.nd thin leads to glaucopnnoe, Oa2Mg3Al2Si8022(002, 

the ferrous-ferric analogue being.  riebeckite. 

The only calcium-rich as ibole which is relevant here is 

pargssite, i'aCaillg4A1Si6A12022(0102, the romas for which is arrived 

at by substitution of AIA1 for Mg and Si and of haAl for Si in the 

tremolite formula; the ferrous-ferric analogue of pareasite is ferr- 

hastingsite. 

In 1947, Miyashiro recluzoified the alkali amphiboles end 
this clasoification differed in severol ways from that of w4iue, the 

most import.Nht change in regard to he present discussion of lAeerian 

amphiboleu being in his suggested formula for arfvedaonite, ha2Qs0.5Fe"3.5— 

Fe".1.5A10.07.5C22(Q14)2' 
haaboles from the Younger OrenitefLaLAELKIR: 

Amphiboles represent one of the laraeet mineral croupo to be 
found in the nigerian complexes and they rave previously been ivided 

on the basis of their optical oropertiea and chemical composition into 

(a) calcium-rich amphiboles which occur in many of the early intrusin s 
of granite and porphyry and which are usually referred to ao,"hornblende", 
hod (b) alkali emphiboles which ore found in the riebeckit0 granite fInd 
arfvedsonite granites and rorphyries. In addition I) small amber cds 
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so-called "soda amphiboles" have been recognised in a Itmber of 
:ranites (Jacobson et. al. 1955). 

heaDorrallaeoft esroatheYo—e_arGra'tes: 
Is the present discussion the following formulae have been 

used as a basis for classificaLion of the igerian amphiboles: 
(a) Calcium-rich 

amphiboles: 	ierrohastingaite, NaCa2Fe"4Fe'"Al2  Si6 022  (OH) 2 
(b) Alkali 

amphiboles: 	Riebeckite, 
142Fe '"214",Sid)22(4°H)2 

Arfvedsonite 

A10.58i7.5 °22( °H )2 
The formulae of the alkali amphiboles have been calculated to 24 (0 + OH  + F) 
in the usual way, but calculation of the formulae of the ferrohaetinarites 
ft ac been made on the basis of 23 oxygen atoms as it was not always 
possible to determine H20+  because of insufficient material. 
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1  Cala um cha WA's. Na  e"eallal246022itaa4a 

Bight of these saphibolee have been analysed, their chemical 

analyeea and optical properties being given in Table 7 and their 

formulae in Table 7b. 

-a 
J!ttiOfls in composition within the ferevhastingeites can 

be shown aast simply by considering variations within the structural 
t areupa given by the general ampuibole formula AX2Y52802201,1j2, where 

a includes Al, 'A and al; f includes ae", Fe''', an, ag, j, Al, Ti, 
an, ar, and Ni; A includes Ca, aa, K, Ba; (Oh) includes ? and Cl. 
4-group: 

This group contains small tetrahedrally co-ordinated ions 

such as Si (0.422). Al (0.511) and Ti (0.681). The Inclusion of Ti 

in the a-group in order to bring the total up to eight atoms is common 

prectice when working out the foraulae of amphiboles, but the 'reaence 

of this large ion in tetrahedral co-ordivation must impose a considerable 

strain on the aaphibole lattice and it way be Wit Ye"' (0.642) should. 
be allotted to this group instead of Ti (arnst, U62). 

The male features of the Z-croup of the ferrohastingeites ere 
the relatively high Pi contents and the deficienciee in Al, which has 
a maximum value of 1.73 atoms in a.97. Fig. 5 shows that Si increases 
slightly, relative to the other tetrahedrally co-ordinated ions. Two 
other groups of genetically related hastinesites have been described 
previously; teoue occurring in erahltes and eranite eneisses of the 
Adarondacke Region, aew York, described by auddington &ntd Leonard (1953), 
and those from the alkali rocee of the Kerangudsi •'ding aomplex, aouthern 
abodeaia, watch have been aisacueeed by aorley and arost (l%3 j. Cowpared 
with these hastingsites the aigerian minerals are richer in silica end 
lower in alumina. 
f-group; 

The ions that occupy structural sites of this aroup include 
Fe" (a.aai), Rn (0.601), Ng (o,661), Few, Al and Ti. ane atom of 

Fe" should be present in ferrohastincsites, but the range is from 

0.44 atoms in A.38 to G.96 atoms in 1.71. This Lack Of re— in parlal 



Chemical analyses and optical 

TABLE 7 
of calcium-rich arnphiboles properties 

A.38 A.48 A. P€ A.97 A.45 A.51 A.47 A.71 

SlO 40.20 39.43 38.08 38.10 39.10 40.98 41.70 39.32 
2 

Al 0 8.32 8.65 7.67 8.97 8.47 8.63 4.61 9.39 
2 3 

TiO 2.06 2.20 2.23 1.25 2.22 1.22 1.89 1.92 
2 

Fe 7  03  3.66 4.89 6.41 6.80 6.01 4.36 4.29 7.91 
Fe0 25.52 25.59 28.81 27.50 26.01 22.31 28.32 21.93 
Mn0 0.48 0.70 0.54 0.51 0.64 0.62 0.65 	0.32 
Mg0 4.05 2.43 1.09 0.78 1.97 5.63 2.08 	1.46 
ZnO 0.09 0.14 n.d. 0.22 0.12 n.d. 0.17 	n.d. 
Ca0 10.30 10.04 9.45 9.47 10.21 10.97 10.31 	11.00 
Na20 2.12 2.29 1.85 2.18 2.17 2.97 2.10 2.24 
K2  0 1.33 1.61 1.52 1.69 1.48 1.22 1.42 	J 1.49 
P 0 
2 5 

0.26 0.21 nil 0.13 n.d. n.d. n.d, 	n.d. 

H 0 	+ 0.98 1.1 0.05 0.58 n.d. n.d. n.d. 	n.d. 
2 	- nil 0.01 nil 0.06 0.07 0.14 0.14 	nil 

F 0.48 0.29 0.58 0.58 1.13 1.12 1.85 	3.02 
Cl 0.66 0.81 1.98 0.72 n.d. n.d. n.d. 	n.d. 

100.31 100.39 100.86 100.24 100.21 9.9.77 99.53 	100.00 
Less 0, for 
F, C1 0.35 0.31 0.69 0.41 0.47 0.47 0.78 1.27 

100.16 100.08 100.17 99.83 99.74 9.9.[.,0 98.75 98.73 

OG ,  , 1.687 1.702 1.705 1.704 1.701 1.699 1.703 1.695 
Y 1.707 1.702 1.718 1.721 1.718 1.712 1.725 1.711 

Y-=.0c' 0.020 0.018 0.013 0.017 0.017 0.013 0.u22 0.016 

oc' Straw Lt. straw Pale buff Lt, fawn Fawn Fawn Fawn 

1(' Brownisn- Deep olive Grey-green Grey-green Olive Olive Deep green- Dull green- 

' 
green green green green brown brown 



Formulae of calcium-rich amphiboles, basis of 23 oxygen atoms 2a1culated on the 

A.38 A.48 A.96 A.97 A..:31 A.45 .71 A.47 

Si 6.428 6.370 6.274 6.23° 6.404 6.285 6.361 6.753 
Al 1.568 1.630 1.489 1.732 1.591. 1.605 1.639 0.901 
Ti 0.004 - 0.237 0.039 0.005 0.110 •• 0.236 

Ze-group 8.000 8.00 8.000. 8.000 8.00 8.0.0 8.000 8.000 

Al - 0.01.c2. - .. 0.151 . 
Ti 9.243 0.267 0.039 0.201 0.220 0.157 0.233 . 
Fe"' 9.440 0.594 0.818 0.836 0.513 0.726 0.962 0.536 
Fe'' 3.352 3.458 3.876 3.766 . 2.915 3.578 2.966 3.930 
Mn . 0.076 . 0.007 0.041 0.066 04044 0.020 
Mg 0.965 0.586 0.267 0.190 1.311 0.472 0.352 0.514 

/-group 5.0 5.000 5.000 5.000 5.000 5.000 4,707 5.000 

Ca 1.713 1.695 1.668 1.635 1.837 1.759 1.906 1.832 
Na 0.057 0.717 0.590 0,691 0.597 0.676 0.702 0.674 
K 0.271 0.330 0.320 0.352 0.244 0.303 0.307 0.301 
Mn 0.064 0.024 0.075 0.063 0.041 0.021 - 0.072 
Fe'' 0.061 - 0.094 - - - - - 

AL-group 2.766 2.766 2.747 2.741 2,719 2.759 2.915 2.879 

Atcpr!ic ratio: 
(FLI__Lia/I12.2 

77.6 85.8 ..,0 0-  .0  ,- 95.2 69.3 88.6 89.5 86.5 " 	7..11 	:(g 

Mol. 	ratio: 
7.6 6.0 4.7 4.4 5.8 5.0 3.0 7.4 



FIG.6 Variation 	r 	Ca., Al w  tti Na K R" (where R 4+ is Si cr other ctuadrivalenc ion) 
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balanced by the presence of Ti in octahedral sites but there is no 
regular variation in Fe"' with Ti. Fe" + Mn + Mg should total four 

stoma, but their actual totals lie between 3.362 atoms in A.71 nnd 
4.536 atoms in A.47; this ampnibole is low in Fe'" end hnu no ei 
or Al present in octahedral co-ordination. 

The most important substitution in this group is that of 
ee" for Kg, as shown by the large increase in the ratio (Fe" ien)100; 
Fe" + en Mg Ojee Table 7b). Accompanying this increasing - iron 
enrichment is an increase in fe" relative to Fe" indicated by the 
decrease in the ee"ife'" ratio from 7.8 in A.36 to 3.0 in A.71. 

eefereece to Table 7 will show that a small amount of zinc 
is present in a number of the ferruhastinoitez aed, although it is 
ueimportaet atomically, the fact twit einc ets seen foued in these 
minerals is of considerable interest. Reports of en being present in 
silicete miseruls in significant amettet are not very coemon, the eost 
comprehensive survey being teat of eeeepuel (1953), who did not, 
however, report any zinc being present in ferrohastingaites or )1kaii 
amphiboles. euedius (1946) gives all analysis of eckeemaanite from 
Loren aarr, wee 	which includes 0.59 ene and Teuson and eravehenke 
(1956) have reported the presence of zinc is hornblendes and biotites 
from ealedoniu €:ranitoids of the tiaaLilin hatholith of Central Tian-ahan, 
but the authors considered the possibility of sub-microscopic blenee 
being rreeent in the minerals. h-ray work, by M.T. Frost of Yenchester 
University, on the eieerian amphiboles has not ehow n the presence of 
any zinc coepound use it see= that tee element is ereeent as a normal 
lattice substitute for Fe". A number of ferrohaetinenitee from the 
eareneudzi Ring Complex, already mentioned., have recently been analysed 

for zinc (by :or. I.S.E. Carmichael) and the naximne content was only 

550Pem. 
ee-group: 

This group includes laree ions elite as ea 	Na (0.7R) 
k (1.33X), the alkali atoms eavine occupied the usually vacent 

(A) lattice sites. 	all amouete of ...a," and in have also been elloceted 
to this eroup when the structural sites of the I-group are full. 



The Ca content of the mlnernle is always slightly lees than 

the theoretical requirement of two atoms, the maximum calcium content 

being 1.906 atome in 	There is onle e slight variation in the 

alkali content and there is no reeular increase In alkali with decrease 

in ea. There is, however, a general decrease in (ea content with increase 

ee 	in the T—group. Fig. 6 shows the variation in Ce,A1 with 

variation in (Na,X)R4*  (where eAl*.  in any quedrivalent ion) in these 

Amphiboles. The other groups of hastinezites zentioned previously 

by-  the author, from the .eirondecks eeeion and the ?arangudei Ring 

Complex, have higher Ca end Al contents thee the eieorian minerals, but 

the hastleesitee from the Adirondecks snow no systecetic eftriatioe in 

Ca,A1 content with kha,K),R44. 

It hue,  not beer i possible to determine h20+  or chlorine on 

several of these rImphibaes, eut fluorine as been determined on all 

of them an snows c)nsiderable variation in content. nere el was 

determined it was foued to ee high, particularly in A.96 which is 

silently altered mineral. The only comparable hastineeiten are these 

from the eeirondecks eeeion, which coetain u aversee of 0.5( Cl. 

A point of intercet in connexion with the ferrohaatinesite 

analyses is tee close similarity in chemical composition that exists 

between some hestinesites and the brown oreyellowish—brown amphibole, 

barer 	found in eatry syenites and undersaturated rocs. hilllnet 

(1928) apparently distinguished barkevekite from &embers of the hastinesite 

group but did sot aenote brown nastingsites or aleali—eastingoites by 

any apecial awes, and Troger (1952) used the name berkeeekite for 
hastinesites with molecular percentages of e'' C''' between 5( end 

15'P. -.4ilkinson (1961) bee pointed out that the compositioe of berkevekite 

is related to that of endemember ferropareesite, end Deer, eoeie ene 

eeman (1962) have proposed the formula. (ha,K)Ca2(Mg,Fe",Yn,ee",)
5
— 

Al1 56 5 022 (OH)2 
 for bareevekite. This formula auggeste an alumina 

..  
content that is slightly too low for nary barkevekltee and it could 

also embrace .any other members of the -lizitingsite—ferrobaetinesite 

eerice, including eeverel of those from theAcyrial..1 gr414;eb, 
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discussed- 
Goepositionally it is not always easy to decide what 

distieguishes barkeveeite from femageattineeite or ferrohnetingsite; 
sleo, on the basis of their refractive indices, aepeiboles that optically 
otherwise resemble eestieesitee are ooleetimes referred to as barkev-
ekites (Hees, 196e). The most distinctive features of the composition 
of many barkevekites are the hieh lunice rtd low water contents of 
the majority of them, eee the low water content in particular mee be 
of some significance, implying either formation ullder slightly anhydrous 
conditions or secondary release of hydrogen from the (i)-group. 
ypicelly, hareevokites are found in the same types of uedereatureted 

rock es ereen or blue-greee eastingsite and they presumably form under 
essentially similar conditions of P(02) and T. Undoubtedly one of the 
most interesting properties of harkevekites in their brown pleochroism 
and tale cannot be simply related to ane one aspect of their very 
vortable chemistry. it wee suggested ey Hell (1941) that a high el 
content VR:41 responsible for the rec-oruwn colour of some blotites, but 
that a high Ti content accompeeled by high eg reoultee in brown biotite. 
Chinner (1960) also considered that the Ti content of some brown biotites 
was the main cause of their colour, with the ferric to ferrous iron 
ratio playing a minor part. eowever, eltnough these exelanatione could 
,e applied satisfactorily to a eumber of harkevekites tee! could. not 
explain the colour of those heekeveeites which are deficient in Ti02  
(as many of them are; see eilkinson 1961). ether factors that may be 
important when conaiderin tne colour of these minerals arc (a) the 
secondary oxidation of ferrous iron to ferric enich might be acc000ereed 
by a colour Wiener in the miaerel and (b) the possibility tnat one or 
more of the cations occupies a different lattice site from that it 
normally occupies end that this affects the optical properties of the 
eineral (as Ti in tetrahedral co-ordination is known to affect the 
optical properties of pyroxene). He auteor suggests that the colour 
could be the result of ei, or in some cases ee'", occupying tetrehedral 
sites imatese of el, but tees le a vary tentative proposal, for the 
wide compositional range sheen by barkevekites rmgetab that tnen may 
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no sinele explanation of their pleochroi 
Optical properties: 

The major compositional trends in the ferrohastineeitee are 
towards enrichment in. Ye" and increase in total iron, and these trends 
are accompanied by a slight decrease in ei content and minor variations 
in the contents of calcium and alkalis. Jeach of these variations 
should have some affect on the refractive indices, but it has proved 
difficult to show a close. relationship between changes in the indices 

and any particular variation - in composition. 
Optical determinative curves for ampeiboles were produced by 

Trager (1952) and the sections of his curves for (y) and (cc) relating 
to iron-rich hastingsites, are reproduced in Figs. 7(a) and (b) respect-
ively. ibe refractive indices of the Nigerian ferrohastingsites have 

been plotted against their Mg and ee" contents on these figures, 

toeather with a number of other hastingaites aed barkevekitew from 

other areas, it is obvious that, except for imprecise work, the 

optical properties of amphieolee are of limited value in attempting to 

determine their compositions. 

Unit-cell parameters: 

The emehibole structure:  

A detailed discussion of the amphibole structure is given by 

Bragg (1937) and only a brief see-Teary is given here. 

amphiboles are chain silicates; structurally they consist 

of (ai,A1)04  tetrahedra that are linked together to give a chain of 

composition ((Si,A1)4011 (these chains have a width which is double 

that of the' pyroxene chain (4206)n. Two of the ((Si,A1)401.;)n chains, 

with the apices of their individual (Si,A1)04- tetrahedra pointing inwards 

towards each other, are linked together by cations such as Pe", Mg, Mn, 

ae"' etc., and the two linked chains form the basic unit of the amphibole 

cell; a number of sites within. the basic unit, ether than those occupied 

by ions such as Fe", eg, etc., are occupied by hydroxyl ions. aheee 

basic uneas are stacked one above the other and are repeated every 

5.32, the latter distance being the length of the 0-parameter of the 

unit-cell; the units are bonded together laterally and vertically by a 
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FIG:  7 (After Troyer 1952) Optical determinative curves for Aastinysitic amphiboles. 
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plane of large cations such as era, e, and Ca which occupy the ,-sites 
in tne lattice, and also by large cations such as ha that can occupy 
the sometimes vacant Areites. 

The stacking of the basic units in the direction of the 
c-parameter is done in a manner that for ,cost amphiboles produces a 
monoclinic cell with ee approximately 104.7°, and the siee ef/e is 

said to be lareely governed by the size of the ion (N4, or Ca) which 

occupies the :t--cites (4 hit 	le60). The general eormula for 

amphiboles 0.2Y5Si
8°22(ag,F)2, where A is usually ha or A; e is a, 

K or Ca; and f is usually Fe", Mg, en, FO"', Ti or Al, gives the 
composition of the ideal half unit-cell. 

The unit-cell parameters of the ferrohaetingsites are given 

in Table 8. Attempts to correlate changes in composition with changes 
in the unit-cell dimensions of these minerals have been partially 
successful, and the following points can be made. 
a-parameter. The only substitution that can be related to a decrease 
in a is that of ferrous iron for Mg, and this ie shown in ;gig. 8. 
b-parameter. A email increase ie b can again be correlated with 
eericnment in Fe", as shown in Fig. 9, and with ae increase in total 
iron, he fairly close relationship between enrichment in ferrous iron 
and iecrease in total iron in the ferroeastingeites, and increase in 

the size of the b--parameter seemed to suggest that measurement of b 

eight be a uueful methed of detererning the iron content of amphiboles 
of this type, wnen chemical analysis was not practicable. However, 
eel:. Frost of enechester wno carried out the determinations of unit-cell 
earametere, eoints out (personal communication) that for a large number 
of wimples the correlation between sire of b and iron content is much 
poorer than is indicated. in Fig. 9, and he also points out that Ca, 
in particular, has an effect on the size of the b-parameter. 
c-parameter. A partial correlation exiets between increase in Si and 
leneth of c. 

ee . The swell decrease ie Ca can he most nearly correlated with a 
decrease in size of eg 



Unit-cell parameters of calcium 

114LE 8. 

Space Group C2/m -rich amphiboles. 

oo 03 
Amphibole a(A) b(A) c (A) g . 	a sing Volume (A) 

A.47 9.948 18.246 5.345 104.991 9.609 937.2 

A.71 9.926 18.221 5.324 104.8A. 9.593 030.6 

A.45 9.921 18.220 5.331 104.889 9.588 930.2 

A.51 9.899 18.173 5.319 104.877 9.567 924.8 

A.38 9.921 18.200 5.324 104.870 9.622 929.0 

A.48 9.937 12.240 5.336 104.918 9.58 934.6 

A.96 9.94E 18.254 5.331 104.800 9.60 935.,8 

A.97 9.948 18.231 5.344 104.895 9.619 937.8 
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(b) Alkali amphiboles: 

Alkali amphiboles are widespread and abundant in the Nigerian 

Younger Granites and fourteen of them have been analysed by the author. 

Their analyses and optical properties are given in Table 9 and their 

formulae in 'able 11. 

Before considering in detail the chemical composition of 

the alkali amphiboleu a number of essential differences between them 

and the ferrohaetingeitees  discussed previously, should be mentioned. 
Is the ferrehastingoites the main trends were toward iron enrichment 

and increase in total iron and these were accompanied by slight changes 

in the ratios of Ca to alkalis and Si and Al. A considerable gnp 

separates these calcium-rich minerals from the "intermediate" amphibole 

A.13, which is relatively enriched in Si, total iron and alkalis, and 

a further gap separates A.13 from the alkali amphiboles. An examination 

of the formulae of the latter indicates that many of them show the 

meeimum possible enrichment in re" (relative to :ig) ane alkalis, and 

a considerable enrichment in Si relative to Al. The substitution 

ege-,Fe" which was the main feature of the ferrohaetingsites is no 

longer important in the alkali amphiboles. tiowever, although they 

are deficient in magnesia and alumina, the alkali amphiboles show a 

number of interesting compositional variations and these will be 

considered, an ie the ferronastingsites, in terms of variations within 

the amphibole structural croups. 

-group: 

Apart from Si, Ti and Al, some Zr (0.791) and Fe"' have 

had to be allotted to this group. The inclusion of Zr may nut be 

completely justified as the radius of this ion is so much greater 

than that of di, and it is also problematical whether Kew can eub- 

stitute for Si in amphiboles, although it undoubtedly does so in 

i'elspars. (In a personal letter to the author, e.G. Ernst suggested 

teat Se." might be a more likely substitute for di thee either Zr or 

Ti, and this view is shared by other mineralogists and crystallographers). 
The minerals show a gradual enrichment in Si relative to 

other tetrahedrally co-ordinated ions as will be seen from Fig. 10. 





Formulae of alkali amphiboles 

TABLE 11 

to 24 calculated (0+0H +F) 

A. 3 A. 7 A.20 A.50 A.57 A.58 A.63 A.64 A.65 A.85 A.30 A.79 A.92 A.37 

Si 7.77 7.68 7.56 7.49 7.45 7.62 7.79 7.63 7.66 7.66 7.67 7.72 7.82 7.63 
Al 0.05 0.11 0.12 0.21 0.16 0.17 0.06 0.02 0.07 0.17 0.11 0.05 0.04 0.17 
Zr 0.04 0.03 0.02 0.07 0.11 0.11 0.01 0.03 0.01 0.01 0.01 0.02 0.01 0.02 
Ti 0.09 0.18 0.19 0.12 0.20 0.15 0.09 0.14 0.14 0.13 0.09 0.06 0.07 0.18 
Fe"' 0.05 - 	0.11 0.11 0.08 0.05 0.03 0.20 0.12 0.13 0.10 0.15 0.06 - 

Z-group 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

Ti - 0.03 	- - 
Fe"' 1.57 1.30 1.41 1.41 1.56 1.51 1.33 1.27 1.37 1.40 1.32 1.36 1.50 1.12 
Fe If 2.21 3.27 2.85 2.96 2.97 2.77 2.92 2.78 2.83 2.68 3.03 2.54 2.67 3.49 
Li 1.36 0.34.0.27 0.33 0.29 0.42 0.32 0.61 0.62 0.73 0.43 1.10 0.41 n.d. 
Mn 0.08 - 	0.13 0.07 0.08 0.06 0.05 0.07 0.05 0.04 0.05 0.06 0.05 0.08 
Mg 0.01 0.01 	- 0.11 0.02 0.01 0.04 0.10 0.01 0.07 0.01 0.03 - 0.08 
Zn 0.10 0.05 0.04 0.06 0.07 0.06 0.07 0.07 0.07 0.07 0.05 0.05 0.09 - 
Na 0.16 0.09 - 0.11 - 0.08 - 

*"...7 	group 5.33 5.00 4.71 4.94 4.99 4.83 4.89 4.99 4.95 4.99 5.00 5.14 4.80 4.77 

Ca 0.03 0.15 0.49 0.38 0.30 0.30 0.15 0.33 0.1? 0.11 0.15 0.05 0.08 0.69 
Na 2.64 2.29 2.05 1.94 2.13 2.22 2.51 2.33 2.46 2.31 2.61 2.84 2.54 1.79 
K 0.44 0.20 0.37 0.23 0.24 0.32 0.34 0.34 0.36 0.39 0.32 0.33 0.38 0.24 
Mn - 0.08 	- 
Fe" - 0.10 	- 

AX-group 3.11 2.82 2.91 2.55 2.67 2.84 3.00 3.00 2.99 2.81 3.08 3.22 3.00 2.72 

OH 0.41 1.38 1,49 1.78 1.70 1.47 1.15 1.16 1.36 1.35 1.05 1.14 1.35 1.65 
F 1.62 0.52 0.70 0.65 0.70 0.80 1.09 1.16 1.02 1.07 1.10 1.22 0.98 0.28 
Cl 0.05 0.03 0.02 0.01 0.02 0.01 0.02 0.01 0.03 0.04 - 0.02 0.01 0.10 

OH-group 2.08 1.93 2.21 2.44 2.42 2.28 2.26  2.33 2.41 2.46 2.15 2.38 2.34 2.03 

7/Fe"/R 	0.58 0.88 0.86 0.83 0.86 0.83 0.85 0.76 0.79 0.74 0.84 0.67 0.83 0.95 

Fe"/Fe"' 	1.36 2.59 1.88 1.95 1.81 1.78 2.15 1.89 1.90 1.75 2.13 1.68 1.71 3.12 

Ca/Ca 	alkali 	1 5 	17 14 11 10.5 5 11 6 4 5 2 2.5 25 

1 R • total ions in the _Y--group 
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p 
The mast important cation€ occurriug in t Y-group of the 

.0, 	.. alkali alehiboles are ye", Fe"' and Li (0.68A), which is substituting 
for 7e". Small ameuate of •a number of minor oations are also present, 
including Mn, 	Lai and, occasionally, ea, which has been allotted 
to this group when the A'-group structural sites are full. eea has 
Teeen included in this croup in preferenoe to Ca a2 it is a silently 
smaller ion and because exoeue lea ion le doesiely a Late entreat to 
the amphibole lattice. lone of the minor cations shows any systematic 
variation in - ceateet with variation in Pe" or Few. 

From the conparetive point of view the most interesting of 
the minor substitutions for Fe" is that of Le, although it reaches 

maximum velec of only 0.1 atom in 1.3. The percentage of Ln0 
(aVerage 0.59%) in these amphiboles shows a pronounced increase on 
the percentage preseet in the ferrohastingsites (averege 0.19) and 

correspondn to an enrichwent of the parent rocks in ziric. 
Undoubtedly the main variation within this group is the 

increasing eubetitutian of Li for Fe", shown Jr: Fie. 11. The consequent 
decrease in ee" results in enrichment in le"' relative to Fe" and 
the Ye":Fe'" ratio decreases from 3.12 in A.37 to 1.36 in A.,3. See 

Fig. 13. 

In the alkali amphiboles, in coetraet to the ferrohaetineeites, 
there is a definite correlation Oetweea decrease in the amount of Ca 
and increase in the amount of alkali present in this group, ee reference 
te yie. 12 rill thew. However, although most of the excess alkali appears 
to have occupied vacant lattice positions in order to wake up for the 
electroe deficiency caused by the decrease in Ca, there is a slight 
coneexion between increase of alkalis and substitution of Li for Fe" 
in the le-group. it will be noted that all the alkali amphiboles show 

partial or oomplete filling of tee vacant lattice sites, with. elkali. 
071)-group: 

Chlorins is a relatively animportant substitute for (OH) in 
these amphiboles but fluorine shows a considerable range in content, 
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as it eid in the ferrohastinesitee. In most of the minerals there 

is an excess over the theoretical maximum of two atoms for this group 

and it is possible that part of this exceee represents analytical 

error in the determination of E2e. 

'eajor veriatione in the alkali amphiboles: 

The major eubstitutione in the alkali amphiboles are those 
of Ca for alkali and, to a lesser extent, 3i for Al, and it is possible 

to show a regular decrease of CaA1 with en increase tri(Na,KJA (where 

R4+ is any quadrivalent ion). Fig. 14 shows that there is a good 
correlation betweee theee two variatione, the group of amphiboles having 

a trend that lies between the "extremes" of arfvedsonite composition 

as represented by the Miyashiro and Sundius formulne. It is obvious 

from 	14 that arfvedoonitee with formulae close to those of both 

Miyaehiro and Sundius can be found in alkali granites, and it is also 

obvious that none of the amphiboles analysed approximates the formula 

of the theoretical riebeckite, which eae also been plotted on this 
figure. The Pe' 'fern ratios in the amphiboles are much; more variable 
thee in the formulae of Miyashiro or .Sundius, but this is not an uncommon 
feature of natural arfVedsonites and riebeckites. In view of the fact 
that all the .Niverian alkali amphiboles contain appreciable amounts of 
calcium and show partial or complete filling of the vacant lattice 

sitee with alkalis,. the author suggests that the eieerian minerals 
would be more correctly described as riebeceitio-eilVedsonitee or 
arfvedeonitee than as riebeceites. rnst (U62) has already suggested 
that a small number of bigerian riobeckites are more correctly described 

88 fluorarfVedsonites. 

A large proportion of the magmatic iron-rich alkali amphiboles 

that have been described as riebeckite are actually riebeciitic-arfved- 
few 

sonites, in the sense used by the author, and very/ 	a close approach 

to the formule for endeeember riebeckite. The two s.ualysed igneous 

minerals that closely aoproach the coo 	of end-member riebeckite 

are: the riebeckite from a felsite dyke associated with biotite granite 

in Shetland, described by Pheinister, iarvey and Sabiee (1c)50), and the 

riebeckite from granite-pegmat:ite associated with the Quincy, Xassaehisetts, 
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gradodiorite, discuased by ealaahe and iarren (1911). The type 

riebeckite from Socotra discuseed by Sauer (18e8) has an extremely 

high ferric free ceetent (28.3) and ce.tains no alwlina or titania; 

the mineral wee not a/lel:cued for water or fluorine and, as the analytical 

total is 59.96--, it could eeew teat a new analysis of this riebeckite 

is required. 

Cptical pro ertiec  of the alkali aexhibolst: 

The strong abeerptioe, high diseceeion, aed very small size 

of grains th$t cant be used, make any opticel work on Alkali amphiboles 
extremely difficult, and the accuracy of the refractive indicee given 

in Table 9 is not better than 0.003. The in of elongation of the 

minerals ram alwaye found to be negative but the optical sign could 

not be determined. Letermination of 2V was generally impossible but 

where any ettompt could be made to eeaeure the angle it was between 

7e'e  and 6C0. 
A clone correlation of optical properties with chemical 

comeosition of the aleali amphiboles does not appear to he poesible but 

cone general comments on the optical data can be made. Of the more 

common major coastituente of tee einerale, the alkalis, ferret's and 

ferric iron, and calcium, all affect the refractive indicea to some 

degree. Calcium and the alkalis (which replace Ca in the Xegroup) have 

opposite effects 012 ,,Cand y', the ineices ztowing a general decrease 

with decreasing Ca and. Irv:Ire/Wag; alkalis, whilst increases in both 

Ye" And le"' can be correlated to name extent with an increase in Y". 
(ebviouely the lack of very close correlation between increases in the 

elemente mentioned and ohanzee in oc' and Y' can be partly exrlaieee 

by the low accuracy of refreetive index determinations, but the lack 

of eerreletion may also be explained by the presence in the lattice of 

sore less common lees, mere particularly by the prenence of Y and Li. 

£ncroaaee in both teeee elements cause a general learanse in oc" end Y' 

bet increemee in either V or Li cee be oorrelateo more closely with a 

decrease in 04: than a decreane in Yi  . 
There is no doubt that although high refractive indices 

usually belon te the zero iron—rich alkali amphiboles, only an approximate 
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idea of the composition of these minerals ca be obtained from optical 

data because of the pronounced affects that euch ions as F and Li have 

on optical properties. 

Mention. has been made in the section ori petrography of the 

fact that the alkali amphiboles do not always show extinction in ordinary 

light in sections parallel to (010); this phenomenon is common in these 

eephiholes end has been discussed by Eskola and Sahletein (1930), Iwao 

(1939), Yagi (1953), Shama (1956), and by Shoda (1957). 	skola and 

Sahlstein, and Sahema, concluded from optical and X-ray work, that 

arfvedeonite consisted of an intererowth of two amnhiboles, but Shoda 
(1957) examined arfvedsonite from Kaneenri„ Korea, and. concluded that 
the anomalous optical properties were due to elliptic polarisation of 
light caused y the strong absorption of the mineral. X-ray work, 
carried out by M.T. Frost of Manchester Dniversity, on single crystals 
of several of the Nigerian amphiboles, does not indicate any intererowth 

of two amphiboles. 

Unit-cell parameters; 

Unit-cell parameters of the alkali amohibolee are given in 

Table 11b, and it will be immediately obvious that all the raramoters 

are smaller than the corresponding ones for the ferrohastingsitee. The 
main reasons for the large decreases in siee of the parameters across 

the gap that separates the calcium-rich. from the alkali amphiboles appear 

to be: 

1. A substantial increase in Fe'" (0.64i) relative to Fe" (0.743) 
which can be correlated with a diminution in b. This trend counteracts 
the general trend toward an increase in b with increasing iron enrichment 

in the amphiboles. 

2. A sharr) increase in Na. (G.971) relative to Ca (0.99a) which can also 
he correlated with decrease in b and, to some extent, in a. This is 

probably a more important cause of the decrease in b than (1) above. 

3. A large increase in. Si (0.423) relative to the other, larger, tetra-

hedrally co-ordinated ions is accompanied by a contraction in the c-lirection, 
but the correlation is not close. 

4. The civingn in amount of Ca present in the amphiboles :is mainly responsible 



Unit-cell parameters 

TABLE 11(b) 

Space Group C2/1 of alkali amphiboles. 
0 a(A) 

o 
b(A) 

,c, c(A) A? a sin, 
o3 

Volume CO 

A. 	1 9.810 17.943 5.307 103.873 9,525 907.0 

A. 	7 9.86 18.066 5.326 103.790 9.581 921.2 

A.20 9.841 18.036 5.318 103.7n 9.560 922. 

A.50 9.839 18,087 5.334 103.782 9.556 P21.0 

A.57 9.806 18.047 5.329 103.710 9.527 216.2 

A.58 9.824 18.061 5.332 103.773 9.542 18.9 

A.6;3 9.846 18,006 5.313 103.734 564 915.0 

A.64 9.824 18.006 5.320 105.744 9.542 914.0 

A.65 9.837 18.033 5,321 103.676 9.55 ,  917,1 

A.85 9.825 17.995 5.321 103.703 0.550  

A.30 9,830 18.015 5.319 103.69 9.559 916. 

A.79 9.813 17.954 5.310 103.662 9.635 909.0 

.''... 9.837 18.014 5.321 

. 	( 

 103.712 9.557 916.1 

9.898 18.128 5,319 104.0,35 9.602 12.5.8 
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for the decrease in the size of ,9 . 
There is a less pronounced continuation of these trends 

within the alkali amphiboles causing further changes in unit-cell 
dimensions, and these changes are accentuated by other ionic eub-
stitutions not considered previously. The most important variations 
will be mentioned briefly: .  

a. A change in the length of a cannot be closely correlated with any 
of the major ionic substitutions, but it does decrease slightly as 

Ca decreases and as F increases relative to (01), as shown in Fig. 15(a). 
b. A shortening in the b-direction can be correlated with a decrease 
in Ca, shown in Fig. 15(b), and with a decrease in the amount of total 
iron present, shown in Fig. 16(a). This decrease in total iron is 
mainly the result of the substitution of Li (0.6a) for Fe'', and the 
effect of this substitution on the length of b is shown in Fig. 15(c). 
c. Decrease in the length of c can be related to an increase in the 
amount of Si present in the minerals, as shown in eig. 16 (b). 
Cell volume. There is a gradual decrease in the volume of the unit-cells 

of the alkali amphiboles which, of course, can be correlated with any 	- 

of the variations in composition already mentioned, but Fig. 16(c) 

shows only the combined effect that increases in Si and F have on cell 

volume. 

Fig. 17 shows the gradual decrease of e9 with decrease in Ca 

content of the ferronastingsites and the intermediate and. alkali amphiboles. 
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(c) 9ntexdiate amehiboles"  
Discussion ef the intermediate aweniboles has been postponed 

until no so that their composition can be better compared with the 
edepositions of the ferroaastingeitee and alkali amphiboles previously 
discuesed. Table 12 gives an analysis of A.13 and a partial analysis 
of A. 6, two amphiboles which come from porphyries belonging to the 
Lime/ complex. 

Amphiboles nave been reported in the past :illings, 1926) 
which could not be placed. either in the heatingsite group or in any 
of the alkali amphibole sub-groups. Similarly A.13 and A.6 cannot 
be placed in a particular amphibole sub-group, although their low 
alumina, moderate alkali and high ferrous iron contents wake them 
slightly closer in composition to tee alkali amphiboles than to the 
ferrohastingeitee of the Iligeriae granites. Optically they also bear 
a strong resemblance to the alkali amphiboles, being bluish in colour 

and having lower refractive indices then the ferrohastingsites. The 

unit-cell parameters of k.13 are also intermediate in most respects 

between those of the ferrehastingsites and alkali amphiboles, as can be 

seen from Tables 8, 11(b) and 12. Considering all these factors the 

author suggests that these amphiboles provide some evidence that there 

is at least partial solid solution between the ferronaetingsites and 
alkali amphiboles from the -,,igerian Younger Granites. 



YA4E 1.2 

Data for intermediate amphiboles 

Analyses Formula of A.13 

A.13 A. 6 
Calculated to 23 

oxygen atoms 

sio 45.57 46.02 ( Si 	7.564 
2 Z ( Al 	0.363 

Al 0 23 
1.a) 0.00 ( Ti 	0.073 

TiO 
e 

1.43 1.30 Total 8.000 
Fe 0 3.73 0.0 ( Ti 	0.100 

2 3 ( Fe"' 	0.456 
FeO 31.38 ..5; 	. 	',:!0 X ( Fe" 	4.262 

( Mn 	0.093 
Mn0 0.68 (:, (Mg 	0.072 
MgO 0.30 n.u. Total 4.983 

CaO 6.6 ,....0 4  

	

( Ca 	1.026 

	

zA ( Na 	1.428 
Na2  0 4.4 4. ( K 	0.243 

K 0 1.1U 1.40 Total 2.697 2 
H2C 	4  

... 

L.,d, 

0.1 

n.d. 

1.1.. 

101.57 
Less, 0, for F 1.62 

99.95 

0,3.. 	ratIo: Unit-cell 
parameters of A.13 

( a 	9.923 
06 1.693 a 	( r' 
r-oz' 

1.701-2 
0.008-2 

A ( b 	18.180 
( 

oe' a_le straw 
( c 	5.319 

Y" A.uish-yellow 
green /4? 	104.150c 

a sin/8 	0.622 03 
Vol. (A) 	930.5 
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(3) Biotite group: 

Biotites occur in the amphibole-biotite, biotite and, although 

rarely, riebeckite granites 'room the aigerian ring complexes; the 
biotites analysed by the author have come from the first and laet of 

these intrusive groups. Biotites from these two types of granite 

are characterised by high iron contents, as a result of which they 

often have intensely strong absorption and high specific gravities. 

alteration of the biotites to hydrous biotites, by deuteric or hydro-

thermal solutions, is also etymon and the altered minerals are sometimes 

green in colour. 

Composition of natural iron-rich biotites: 

Iron-rich biotites are considered to be of three possible 

kinds (eUgster and Wones, 1962): 

(a) 	Trioctahedral micas of general formela K(7:Fe" 3-x (Fe"'Al) )vi 

((Fe"'A.1)1 xS13 x)iv0 10(s11)21 which contain three cations in octa- 

hedral sites. 

(b) Oxybiotitee which contain less than two hydrogen atoms in the 

unit-cell formula. 

(c) Triocteeedral micas which are solid solutions betweee iicas 

of type (a) eed dioctahedral eieas such as muscovite, eAl2A1010(0e)2, 

ferrimuscovite, eFern2A1813Q10(0102, and ferriceladonite, ielie"?e'"- 

)14010(OH)2, in which there are two octahedral cations. 

There are several end-members in the iron-rich biotites Oat 

the one that in of most relevance to the analysed biotites is annite, 
KFe"3(A1Si3)010(OH)2, which forms a solid solution series with phlogopite, 

eft3(AlSi3)010(01)2. In all these natural biotites there is, of course, 

limited replacement of the divalent cations by trivalent or quadrivalent 

cations. 

Formulae of the analysed biotites: 

The formulae of the analysed biotites, including the two 

altered hydrous. biotites P.45 and B.36, have been calculated on the 

basis of 12(e: OH), and they are given together with the analyses in 
Table 13. Calculation of formulae of hydrous biotites can be made 

in several ways: 



TABLE 13  

Chemical analyses of biotite and formulae, calculated to 12(0 + OH + F) 

B.45 I. B.51 B.57 

33.10 30.72 35.94 35.36 35.14 37.38 35.40 
" 	• 9.77 11.54 11.71 10.90 6.44 11.89 19.50 
TiO2 2.96 3.04 3.33 3.04 2,87 1.84 2.45 
Re 0 2 3 12.19 11.62 5.00 3.76 4.40 4.38 0.27 
FeO 24.48 26.49 23.91 31.38 34.92 28.65 31.17 
.040 n.d. n.d. n.d. n.d. n.d. 0.77 n.d. 
Ant) 0.40 0.64 0.50 0.65 0.53 0.41 0.42 
Yig0 1.95 0.15 6.35 1.06 0.43 0.22 n.d. 
Ca0 2.37 1.70 1.65 n.d. 0.97 0.16 n.d. 
ja20 0.41 0.44 0.42 0.97 0.74 0.39 0.60 
fc.20 5.43 4.35 6.95 9.04 8.92 8.78 9.78 
420 5.55 8.27 4.15 3.74 3.12 1.84 n.d. 

1.94 0.27 - 0.03 n.d. 0.06 0.67 n.d. 
n.d. n.d. n.d. n.d. 2.97 4.36 n.d. 

Cl n.d. ri, d. n.d. n.d. n.d. 0.09 if 
101.03 W1.94* 

Less 0, 
for F 1.04 1.86 

100.55 95. 99.90 99.99 100.08 
(*Includes S and CO2  0.11%) 

Ref. index 

B.45 B.36 13.29 B. 1 
Si 2,641 2.372 2.947 3.01 
Al 	) iv 0.921 1.053 1.078 ‘).637 0.• 
Fe.") 0.438 0.575 0.114 0.272 

Total 4.000 4.000 4.000 3.856 4.00 
i 	( 0.177 0.176 0.196 ,0.181 0.11 

Few( 0.294 0.101 0.180 o. 
Feti 	( ri 1.634 1.714 1.562 2.456 1.,5 
Mn 0.027 0.042 0.033 0.037 0.03 
Mg 0.25;i 0.017 0,738 0.052 0.03 

••• .101. • QV 0.25 
Total 2.. 2.050 2.709 2.726 2.61 

Ca 0.203 0.142 0.138 0.086 0.01 
'NEL 0.063 0.064 0.064 0.120 0.06 

0.553 0.428 0.643 0.954 0.91 
Total 0.819 0.635 0.845 1.100 0. 

2.951 4.272 2.164 1.749 (.9-) 
0.650 1.11 

0.01 
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(a) On the basis of 12 (0 4. OH) as has been done by the author. 

(b) On the basis of 11 atoms of oxygen, the content of the ideal 

half unit-cell. If this method is used the water content of the biotites 

is ignored, which can be useful as water determinations on hydrous 

. biotites are not always reliable. 

(c) On the basis of the method proposed by Brown and liorrish (1952). 
These authors assume that the excess water in hydrous biotites is present 

in interlayer sites as the oxonium ion (H30) and that calculation of 
the number of such ions present in the unit formula is necessary. Although 

the last method is considered by the authore to give a better idea of 

the unit-cell contents than other methods, the present author has used 
(a) as the resulting formulae can be compared with those for the unaltered 

biotites. 

In the formulae in Table 13, Al and, if necessary, Pe"' have 

been included in tetrahedral co-ordination. The position of Ti in 

biotites is apparently unknown but it has been included in the octahedral 

sites, following Foster (1960), although Chinner (1960) has excluded 

Ti from both octahedral and tetrahedral sites (on the grounds mentioned 

above, that the position of Ti in biotites is not known). The problem of 
where to place Ti in the biotite formula creates a slight difficulty 
with B.29, the ferruginous biotite, which has a small deficiency of 

tetrahedral ions. 'Unless it can be assumed that complete filling of 

tetrahedral sites is not essential, se Ti should presumably be allotted 
to these sites; Deer, Howie and Zussman (1962) include Ti in tetrahedral 

co-ordination ie. one biotite formula, but these authors state that there 

is no reason to assume that the tetrahedral sites eust always be filled. 

Composition of the biotites: 

(i) Altered hydrous biotites: 

B.45 and B.36 have both been subject to alteration and this 

is reflected in their high water contents. Schwartz (1158) suggests that 

early hydrothermal alteration of biotite may involve recrystallisation 

of brown biotite phenoczarsts to aggregates of small biotite grains, and 

such small aggregates occur in a number of biotite-bearing rocks from 

the Younger Granite complexes. Ti is also believed to be removed from 
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biotite during early stages of alteration. Later stages of alteration 

include removal of Mg++  and iron, as shown by muscovite or sericite in 

association with biotite; both Schwartz and Walker (1949), who discussed 

alteration of soil biotites, think that oxidation of ferrous iron to 

ferric is also likely to occur during the alteration of biotite. Schwartz 

also points out that when abundant chlorite is produced then t:1' ions 
will be leached from the biotite and replaced by (OH) ions. 

5.45 obviously represents a. comparatively early stage of 
alteration which involved replacement of K+  ions by hydroxyl ions 

and the high ferric iron content of this biotite suggests that there 

has also been secondary oxidation of ferrous iron to ferric. It in 

nifficult to decide whether any ilg has been removed from to45 as althougt 

the magnesia content of this biotite is low, it is comparable with that 

of the co-existing amphibole A.45. n.36 is a ereen nice which shows 

more extreme replacement of e iona and it seems likely that the very 

low magnesia content of thia biotite is at least partly due to removal 

of :g44  ions. i?erric iron is again high and the mineral is low in silica. 

It would probably be better to regard B.36 as. a secondary mineral after 
biotite, rather than merely as an altered biotite lice n.45. 
(ii) Unaltered biotites: 

Complete or partial analyses have been made of four unaltered 

biotites, 3.51 and B.art from Oornblende-biotite eranites, B.29 from 
the biotite-rich facies of a biotite-riebeckite granite, and 5.57 from 
a riebeckite eranite. 

3.51 is a low potash biotite with a composition somewhere 

between annite and ehlogopite, although slightly nearer to the annite 

end of the solid solution series. The low potash content is apparently 

a primary feature of the mineral, and in this respect it compares with 

several other biotites listed by Foster (1)60) end Deer, Howie and 

Zussman (1962). B.87 is closer to annite in composition than B.51 and 

it also shows enrichment in alkalis and a decreaee in alumina content. 

B.29 is a ferruginous biotite (containing lees than 0.1 atom Oa in the 
half unit-cell) that is slightly richer in ferrous iron thee any of the 

ferruginous biotites giver, by cgs er and tones (1962). however, in the 
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biotites listed by these authors there is an average octahedral occupancy 

of 2.8 atoms compared with 2.7 atoos for a.29. The alkali content of 

a.29 compares with that of b.67 but the alumina content is much lower. 

As the ferric iron content of E.29 is also low there is a oeficiency of 

ions in the tetrahedral sites of thin biotite. Another partial aaelyeis 

given in Table 13 in of B.57, a nicaceoue nineral of uncertain type which 

is a minor constituent of PB.57, a riebeckite granite. Thin minerul 

is light-coloured with a eaximum absorption direction oppoeite to that 

of normal biotites, and it wee thought originally to be an aetrophyllite. 

The partial analysis, however, is that of an iron and alumina-rich 

biotite of a type unusual in the amphibole-beering aranites from the 

Younger Granite complexes. eiotite E.1 (Table 13) is a biotite from 

the Liruei biotite granite, the analysis navine been taken from Jacobson 

et. al. (1956); like k.29 and B.87 it is an iron-rich biotite. 

General feetweee of the comeositiona of the anelyeed biotites: 

anly a few general comments are possible on such a mixture 

of altered and unaltered minerals. ignoring 8.36, the analysed biotites 

appear to ae trioctahedral micas of type (c) mentioned at the beginning 

of this dieeassioa and, with the exception of B.57, were probably all 

oriainally membere of the ahloaopite-annite solid solution series. The 

unaltered minerals show decreases in Calcium and magnesiur., and increases 

ia alkali any. Fe" contents, 3i increases relative to Al but this is 

largely due to en actual decrease in alumina content of the biotites. 

All the completely analysed minerals have ferric iron occupying tetrahedral 

sites in, the lattice. There in no consistent variation in Fe"ffe"' ratios 

in the minerals, but there are too few analyses at present for any con-

clusioes to ae drawn from this. 
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uNoR aILICATE. AND. ON-SILICATE MINERALS: 
(1) Cossyrite (eenigmatite): 

Cosayrite is a relatively uricommoa silicate mineral, 

although it is an important pheaocryst in obsidians from the island 

of aantelleria. Optically it is distinguished by a deep reddish- 

brown colour and high refractive indices (0a greater than 1.79, 
and chemically it is characterised by high total iron and titania. 

Although once considered to he an amphibole its membership of that group 

is now thought doubtfUl. 

Fleischer (1936) presented optical and analytical data relating 

to a number of cosayrites and proposed a formula aa
4
Fe"

9
Fe"'2T12Si12042 

for the mineral.. More recently Carmichael (1962) discuased. the composition 

of cossyrite occurring in two obaidians from. Pantelleria, and suagected 

that the formula Na4(Fe",Ti)ilai11037  gives a closer indication of 

their composition than does the original formula of Fleischer. Yagi 

(1953) has also reported the presence of coscyrite in monsoniteo and 

ayenites of the Morotu District, aaknalin. 

Coaaarite from the Younger Granites of  

Cossyrite has been separated from PB.20, an aegirine-riebeckite 

granite from Liruei, and it is also present in Pa.47, et amphibole- 

fayalite granite from Pankshin. The mineral is a very minor constituent 

of both these aranites and its presence in the rocks was only revealed 

during mineral separation. 

The analysis and optical properties of cosayrite from Ta.20 

are shown in Table 14 together with tae analyses of two cosayrites 

from aantelleria and the Haveraae" of fourteen analyses of cosayrite 

frow other localities, given by Yagi (1953). Compared with coesyrite 

from other areas the aigerian mineral is poor in silica, alumina and 

lime and sligatiy enriched in titania and magnesia, and it is closer in 

comaosition to tae "averaae" cossyrite than to either of the cosayrites 

from aantelleria. The composition of the cosayrite from PB.20 show a 

close approach to that of the theoretical end-aember oossyrite (of the 

rhanite-cosayrite series postulated by Fleischer, 1936), particularly 

in its paucity of lime and alumina. 



Analyses and optical 

T44 li 

of cossyrite properties 

Theoretical 
0.20 ..f, v , 2A ._ A Fleischer Carmichae1 

51.0 39.'r 40.14 .,11.;');::: , 	4 ,,,,? ,,,i---;;:,  41.54 
2 

T1O 10.23 8.40 83 iH. 	.2 10.04 
2 

Al 0 0.13 1.8c,  
23 

Fe 0 3,27 6.32 1.31 
2 3 

Fe° .1 - 7-. 	:--: 33.17 38.84 .,,, 	,,, 40.63 

1,16  

MgO 1.4E' 1.1f 0.07 

CaO 0.20 1.1:::, 0.45  

2 
7.36,  

0.24 ';'...t.  0.08 

,. 	n 	+ -., n.d. .:.'.... - nil 

- 0.07 

100.38 99.93 100,13 99,99 100.00 100,00 
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The relationship of cossyrite to other ferroagnesicua 
iAnerals is rather obscure, although Carmichael (1962) has suggested 
that it might be formed by the reaction of fayalite end ilmenite (or 
ulv8spine1) with A soda-rich liquid. This suggestion was based on his 
observation. that when cossyrite is present in significant amount in 
the obsidians from Pantelleria, the percentages of fayalite and ilmenite 
are considerably diminished. Such a reaction relationship could possibly 
be invoked to account for the occurrence of cossyrite in the Nigerian 
granites, for although the ausemblarc fayalite ilmenite cossyrite 
is presumably in equilibrium in 1:6.4/, the amount of cossyrite present 
is negligible. In PB.20 cossyrite is more abundant and it occurs with 
aegirine and riebeckite only. 
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(2) Iron-titanium oxides; 

Oeaque minerele are most abundant in the more basic rocks 

from the fiiserian ring complexes, and earticularly so in the gabbros. 

in the aaphibole-fayalite end amphibole-bietitt granites and porphyries 

the modal amount of opaque minerels is rarely greater than 1,  and is 

generally lees thee 	The biotite and riebeckite granites contain 

only scattered grins of opaque minerals and these minerals conatitute 

an insignificant percentage c the roc. 

;Wleeted JA.Apt studies: 

A number of polished rock aections and concentrates of iron-

oxidee were eeemined es the author: 

The greatest concentration of opaque minerals was seen in 

1,114100, the Mama Gabbro, a rough estimate of their modal percentage being 

between 5A and 10e. The majority of opaque eineral eecins in this eabbro 

are idiomorphic egainat the gangue minerals. examination of the opaque 

minerals under a eige power oil immersion lens showed that they consist 

of (a) separate grains of ilmenite, 	intererowths of homogeneous grains 

of ilmenite and eagnetite and (c) grains et magnetize containing narrow 

or wide eesolution lamellae of ilmeeite. The occurrence of eagnetite 

grains that contain exsolvee ilmenite sugeests that tee hoeogeneous ereies 
of ilmeelte found in. the ilmenite-mageetite inters 	are also of 
exsolution origin (Wright lebl, states teat exsolution in solid solutions 
probably begins with separation of the fairly large ilmenite grains that 
are found in ilmeniteeeagnetite intergrowths, and as exeolution becomes 
more sluggish the ilmenite remains in the meenetite grains an blebs or 
lamellae). aoliseed mounts of hand-magnet concentrates from eF.4, the 
eankehin ayeeite, and I.51, an amphibole-biotite granite from Panksein, 

were also made. The oxides present in Ph.4a are the same as the oxide 

in the Yana gebbro; exeolved ilmerate occerring either es wide lamellae 

along (111) planes or as fine parallel lamellae in the host eaeeetite, 

and separate grains of ilmenite and magnetite. come of the magnetite 

grains ehow marginal alteration to haemetite. tart ermine of rutile are 

also present in the concentrate. ie.51 contains considerably less ileenite 

than ee.4-.2 and the aiametits grainS ere generally homogeneous. Almost 



every grain in thie cc :htrate shoe some degree of martitisation. 
it is oevioue that the roc previously mentioned. originally 

contained homogeneous titeniferous megnetites, that were presumably 
formed at nigh temperatures. Ance the foxination of these titeniforous 
eecnetites, conditions of prolonged cooling nave brought about the 
extensive unmixing now apparent. The cemmeecemeet of unmixine may be due 
to either (a) oxidation of ulvospinel, which is then exealved as ilmenite 
from the orieinal mageetite-ulvOspinel solid solution, or (b) a combination 
of (a) and, possibly, the inversion of Y -FeTiO3  which may form part 
of the magnetite-ulveapinel solid solution series at high temperature 

(Vincent et. el. 1957). 

Other polished mounts examined by the euthor were of ileeeite 

conceetratee from ee. 6 and F3.13, both porphyries from LirU4i, e.24 

and Pe.97, both eephibole-biotite granites from enra-eier end Jos-eleure 
reeeeotively. There rare no special features of interest about the ilmehite 
conceetretes, which consist of nomoeeneoua erains that are frequently 
frecturee. Occasionally the grains contain minute inclusions of, or are 
merginaily intergrown with, ganeue minerals. in the orieinal rocks, 
from which the concentrates come, tin sections show that the ilmenite 
grains are often associated with deep reddish alteration products that 
may include rutile. 
Composition of the ileeniteas 

eartial or complete analyses were made of the four ilmenites 

referred to above and these aealysee are given in Table 15, together with 

the 'analyses of the ilmenites free the Jkaergaerd intrusion (Vincent 

and !?hillipe, 1954) for comparison. 

The molecular proportions of' FeO, TiO2  and Fe203  in the eigerian 

ilmenites have been recalculated to 100 and the reoulte plotted on Fig. 

We; which shows part of the systemFeO.TiO2 " in a similar way 

the. ekaergaard ilmenites nave also been plotted on this figure, their 

positions being slibeitly different from those given ty Vincent eed 

(1954) as the minor oxides in these ilmenites have not been taken into 

account by the present author. 1..24, the completely analysed Nigerian 

ilmenite, and the Skaeresard limonites have also beet.. plotted on eiee 18(b) 



Anal-ises of il-lelAte 

Nigerian ilmenite •kaergaard i1tenite 

1.13 I. 	6 1.97 1.24 1. 2. 3. 4. 5. 

FeC 37.86 43.47 43.54 n.40 Z9.64 40.39 42.72 43.30 42.18 
MgO n.d. n.d. n.d. 1.76 3.27 2.27 1.48 0.62  
MnO 1.75 1.90 2.42 1.6E 0.47 0.41 0.62 0.65 1.44 
CaO n.d. n.d. n.d. 2.7b 0.37 0.34 0.48 0.46 0.71 
TIC 44.25 46.21 15.48 42.34 51.19 49.6V 51.27 30.31 50.02 

2 
010 0.15 nil o.34 0.73 0.09 0.14 1:).23 0.57 0.51 

2 
Fe 0 8.04 6.42 6.78 10.43 4.25 6.26 2.58 6.02 4.19 
23 

Al 0 0.14 tr. 0,20 0.37 0.17 0.02 nil tr. n.d. 
23 

V 0 n.d. n.C•  ' n.c• n.d. 0.32 0.18 nil nil  
23 
Cr 0 n.d. n.d. n.d. n.d•  nil nil nil nil n.6. 
2 3 

2
0 n.d. n.d, n.d. n.d. 0.03 0.06 0.04 0.37 ,13 

92.19 98.00 Pf.'/' 99.69 99.80 ''_'$.2,6 100.12 99.90 99.64 

M21. 	: 

FeC 45.5 49 49  4e 45 46 47 48 4? 
TiO 49 47 46.5 46.5 52.5 51 51 50 5,.5 

Fe 0_ 4.5 4 4.5 5.5 2.5 3 2 2 2.5 
2 



x Nigerian ilmenites 
0 Skaergaard 

F,:2 03 

Ilmenite 
re0 Fe3 O# 

UlvOspinel 
70 

10 	20 	30 	40 
FeO 

Mo I. 0/0 

60j 	 40 

F I G  :18'M Molec ula r coriposit ion  
ilr~erH Les 	con pa -ea 
Skala rcjaar 

of 	1\1194g r pn 
with iirienites from 



FIG :18(b) 
2 

40 60 

>> 

0 Skaergaard ilmenite 
Nigerian 

	 ,)FeO 
3  

FeO 
34 

Ulvospinel 
70 

Ilmenite 50 

\40 

FeO 
MOL. 0/0 

TiO 



*- 4 6 .e 

which shows the sane ,e.et. of the yetis Fe0.1102.ee203  aa Pig. 18(a), 

but in the former figure .1060 includes enO, Me and Lae, TiO2  includes 

A.02 and ?e2  ( 3  includes #12  L.. 

it ie clear from an examination of the analyaos and from Aga. 

16a) ften (b) that the Nigerian ilmenites have 414 unusual cemposition; 

thy are deficient in T102  reletive to Pee and other divalent otidea, and 

they contain a high percentage** of ferric oxide. in cocereet the Seattreaard 

ilmenites nave ferrous oxide qttd tit8Ilitt contents that are very close to 

tevee of ell ideal ileeeite, and the maximum ferric oxide content of the 

:Kaerenard ileeeitea ie tee.% . The er.; an Fe 0. coatents of the idgerian 2 5 
ilmeeitea coepare with those of ileenete from fahia, Brazil 'reported by 

eleaehe et. al. 1956) which centaie 2.k0: 	and ).4(71  Pe203. The low 

ilia and alumina contents of the analysed ilmenitee imply that they 

were reaaonably free from eaneue impurity, and it is doubtful whether very 

atzU amounts of such impurity could affect the composition of the ileenites 
to any crest exteet. --ray eowder photoeraphe were tacen of all the ilmenites 

but they failed to reveal the preoence of either megnetite or haeeetite 

lines. Vickers eicro-i. Ardeeas testa were ale° carried out on two of the 

limonites (I. 6 and i.j7, cy ,r. 	frillman) and the resulte were compatible 

with these for 	,er ilmenitea, although the figures Lad a bias toward the 

magnetite rather thee the haematite aide of the magnetite-ilmenite-haemetite 

eardneee aeries. he cell-paretere of 1.97 have been eetermined from 

an :env powder photoeraph Oea.e radiation, ee:m aperture, 17 houre 

expoeure'i, flee the photograph eave ALca. 5.t91 and £ ca. 14.09R • 

has a molecular content of ferrie iron of nearly 	and according to the 
curvets of eaata (1953) (given by Vincent at. al. 1357) the ceileparametere 
anould bajt, ca. 5.06% and £ ca. 14.f2Ye 	teems motet probable that the 
laree siege of the parameters of 1..Y7 are cue to the hien content of 

en° (2.4%) and to tee fact that it probably coetains ao Me and cao. 
and MnTiO 

iPgniShat '14495114,4 4 irdbinneigattgarilitgratWi°3 
Amonv possible explanations of the high ferric iron and low 

titenie contente of tee etalysed ilmenites are 0) they have undergone sose 
alterettoe, e.g. to rutile, weicn ea* reducee tne original titenie cortento, 
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whilst at the same time some of to ferrous iron has been oxidised to 
ferric and kb) they contain magnetite or haeeetite in solid solution. 
AS mentioned above, wan/ of tee ilsenite grains, in ordinary tin section, 
are associated. with alteration products end some oxidation of ferrous 
to ferric iron seene poesible; eilkineou (1957) has pointed out that the 
unmixing prooesa in iron-titanius oxide solid solutions is proeably 
complicated by oxidation-reduction reactiene. -,ith regard to (b), incest 
et. al. 1.957) have augeested Oat an titanomagaetite solid solution which 
crystallises with a composition eear the i531d4  'eeTiO3  binary series is 
likely to exeolve an SeTIO3 - 23  O. solid solution. Cu cooling, trio 
Perri-ilmenite plea* would chance in composition eetil it approaceee 
eTi05. ouch an origin could be postulated for the eieerian limonites, 

but it would eeve to be assumed that either cooling of the parent rocks 
has not continued long enoueh for tee composition of the Ferri-ilmenites 
to approach FeTiO3' or the parent rooks ware cooled suddenly. Yfhe latter 
could be applied to the porphyries PS. 6 and PB.13, both of which nave 
fine-grained erounemasees). The main problem with the eleerian amanitas 
is, however, teat they eentain excess A0.14120; Stumpfl (19A.) has 
deacribed ilmenites from essynt rocks that contain exsolutioe lamellae 
of magnetite ale.  thie author axes concluded that the ilmenitee contained 
an original exoees of eee and Oee03. iolished sections of the A.gerian 
ileealtes failed to reveal ene exaolution lamellae of magnetite, but 
er. etumpfl (erivete communication) does not think that the lack of 
exeolution lamellae is particularly cieelficant; he points out that both 
Fe0 end Se203  ma a kept in soild solutioe even at low temperetures, and 
he also points out that Edwards (1954) considers teat at least b '14203  
would. need to be present (and possible more) in ilmenite before uttoixing 
could start. iSa-teer work on the composition of iron-titasiito oxides 
from the Nigerian cranitee is otviousle eesireble, and duce work may 
help provide * satiefactore expleeetion es to why there is a general excese 
of divalent oxide in the analysed elmenites. 

AS three of the ilmeeite analyses are incomjete it ie not possible 

to Ciscues composition tree s, aut there is a client increase in titaniR 
with decreasing molecular perceetaee of ferrous 
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SECTION C  

OW-POSITIONAL TRENDS IN ANALYSED MINERALS: 

(a) Factors that affect the composition of individual minerals: 

In discussing the compositional trends in the analysed minerals 

the author is assuming that as differentiation proceeds in a magma, the 

ferromagnesian minerals produced in successively younger fractions will 

become depleted in magnesia and enriched in iron. Ferromagnesian minerals 

such as amphiboles may also become depleted in lime and alumina and 

enriched in alkalis and silica. 

In this connexion the (Fe" + Mn)100:Ft" + Mn + Mg ratios 

of a croup of ferromagnesian minerals such as the amphiboles, can be used 

to indicate the relative positions of the parent rocks in a series of 

genetically related rocks, the lowest ratios usually being found in the 

minerals from early differentiates. Reference back to Table 7b will 

show, however, that the ferrohastingsite from a presumably early differ—

entiate such as the Pankshin syenite (PB.48) is apparently more enriched 

in iron than A.51, the ferrohastingsite from an intrusion of amphibole—

biotite granite (Pb.51) occurring to the north of the Pankshin syenite. 

Possible reasons for such a situation are (i) the syenite may be genetically 

unrelated to the granite intrusions, or it may belong to a magmatic cycle 

of activity that is later than that to which the ampAibole—biotite granite 

belongs, (.7:.t) the amphibole—biotite granite has been contaminated by 

basic material, and (iii) the amphibole—biotite granite may contain a 

higher proportion of early formed magnetite than the syenite, and removal 

of ferrous iron to form the magnetite in the granite would have increased. 

the magnesia content of the amphibole A.51. In regard to (i) it seems 

fairly certain that the syenite is an early intrusion, older than and 

genetically related to the granites in the immediate area (Turner, 1961); 

but if this is so it is plain that a bare comparison of the (Fe,' + Mn)100: 

Fe" + Mn + Mg ratio for the amphibole from this syenite with the ratios 

for the amphiboles from the granites, would give a misleading idea of the 

time relationships of these amphiboles in a differentiated sequence. The 

possibility of there having been some contamination of PB.51 cannot be 

ruled out, for the area in which this granite occurs is one in which there 
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has been considerable mixing of basic and acid magmas to give hybrid 

rocks that have since been partly metasomatised and veined by a later 

granite intrusion (Turner, 1961), from which A.51 comes. With respect 

to (iii) there is not a great deal of difference in the percentage of 

iron-titanium oxides present in Pii.51 and ?B.48, but examination of the 

concentrates of the latter minerals from the two rocks showed that a 

higher proportion of magnetite was present in P13.51 than in P6.48; this 

suggests that the formation of magnetite it PB.51 could have affected 

the iron:magnesia ratio of the amphibole A.51. 

Apart from the possibility that contamination may have affected 

the composition of any of the minerals being discussed, it is also 

obvious that before using ratios of any kind in order to trace changes 
in composition with time in particular mineral groups, it is necessary 
to take into account the number and nature of the oe-existing minerals 
in the rocks concerned, and the possible distribution of cations among 
the minerals. These factors are probably of particular importance in 

minerals such as the amphiboles, which aay be of late formation in rocks 

containing fayalite, pyroxene and iron-oxides and which tend to be 

repositories or small amounts of a large number of cations. 

DeVore (1957) discussed the general distribution of cations in 

pyroxenes, amphiboles and biotites, and their distribution between co-

existing pairs of minerals: ortho- and talc am-rich pyroxenes, calcium-

rich pyroxene-hornblende, and hornblende-biotite. lie showed that in 

co-existing calcium-rich pyroxene-hornblende pairs, the hornblende usually 

has higher Alvi, Aliv, Few, Ti and Na contents than the pyroxene, and 
in co-existing hornblende-biotite pairs the hornblende has higher Se 
and Alvi  and lower Fog", Ti and Aliv contents than the biotite. 

Data for two eairs of co-existing minerals (similar in type 

to those discussed by DeVore) from Sigerian rocks are given below: 

Px.48/A.48, a ferrosugite-ferrohastingeite pair from the Pankshin ayenite, 

and A.51/13.51, a ferrohastingeite-biotite pair from an amphibole-biotite 

granite. 
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Distribution of cations 

Aliv 

Alvi 

Fe"' 

Ti 

I a 

Calculated to 24000 
(0 + OH + 

Calculated on basis 
of 23000 oxygens 

Px,48 A.48 3,51 	A.al 

364 

400 

88 

276 

1570 

100 

600 

270 

720 

2080 

193 
620 

413 

134 

1591 
AIM 

513 

220 

597 
From this data it is clear that the distribution of cations in these 

co-existing minerals is in general agreement with the findings of DeVore, 

although ferrohastingsite A.51 does not contain any Alvi 

Data for three other pairs of co-existing minerals, of types 

that differ slightly from those mentioned previousl. are also available: 

B.29/R.30, a biotite-alkali amphibole pair from a riebeckite granite; 

Ag.20/R.20 and Ag.92/R.92, both. aegirine-alkali amphibole pairs from 

aegirine-riebeckite granites. 

Distribution of cations - calculated to 24000 (0 + OH + F)  

i Al v  
.1222.2 LIM Ar.20 R.20 A.92 ,R.92 

1274 110 84 120 108 4 
Zvi  

Fe"' (vi) - 1320 5496 1410 3872 1500 

Ti 362 44 24 

240 2720 3784 2050 4092 2620 

The distribution of catlonu between B.29 and R.30 is slightly differe;1 

from that between B.51 and A.51, in particular the ferric iron content 

of R.30 is very high compared with 3.29 which has ferric iron present in 

tetrahedral sitee only; it should be pointed out that B.29 and R.30 

come from the biotite-rich and alkali-amphibole-rich facies' respectively, 

of the parent rock, and are not as closely comparable as B.51 and A.51. 

I. both the aegirine-alkali-amphibole pairs, the aegirine has higher 

Ti, Fe'" and ha contents than the amphibole. 

Returning to the problem of iron enrichment in co-existing 

minerals, DeVore found that on the basis of the Kg r 100:Kg i Fe" ratios, 

the calcium-rich pyroxenes were enriched in magnesia and the biotites 
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were generally enriched in iron relative to co-existing amphiboles. 

DeVore also pointed out that the simple Mg x 100:Mg + Fe" ratios 

might be complicated by the distribution of Alvi, Ti and Fe'" between 

8 and 6 co-ordinated positions; part of the total 1Uv2, Ti and Fe",  

could be occupying vacant 8 co-ordinated sites and the remainder would 

be occupying normal 6 ce-erdinated sites. It was then assumed by DeVore 

that Fe" would not be 'lolled in 6 co..ordinated sites having anions in 

common with similar sites occupied by A1v , Ti or Fe"'; such sites 

would be open to 14g ions only and the mineral enriched in Mg as a result. 

Following from this assumption DeVore deducted from the total Ng contents 

the amount of Mg present in influenced 6 co-ordinated positions in each 

mineral, and the remaining Ag was used in recalculating the eg x 100: 

Fe" + kg ratios. 

The author has calculated the normal kg x 100:Mg + Fe" ratios 

for the co-existing pairs Fx.48/A.48 and B.51/A.51, and recalculated 

the ratios using the method given by DeVore: 

Px.48 A.48 B.51 A.51 

Kg 1124 590 1559 1331 

Fe" 2774 3500 3293 2915 

Mg x 100:Mg 4 Fe" 

eormal 29 14 32 31 

Recalculated (1) 2 0 0 3 

(2) 13 0 0 14 

On comparing the recalculated ratios for A.48 and A.51 it appears that 

A.51 in elightly more enriched in iron than A.48, but the author is 

uncertain as to whether such a comparison is justifiable. 

The main points to emerge from the preceding discussion are: 

(a) the compositioe and(Fe" 4 Mn)100:Fe" + Mn + Mg ratios of amphiboles 

occurring with fayalite-pyroxene assemblages have been largely determined 

by the composition of the latter minerals, and not directly by the bulk 

composition of the parent rocks. Thie suggests that a comparison of 

iron-magnesia ratios can only be made among amphiboles from similar rock 

types; (b) when comparing degrees of soda enrichment in amphiboles, 

the amount and composition of co-existing aegirine must be taken into 



- 52 e 

account, for the formation of the latter may reduce the amount of soda 

end ferric iron available to the amphibole, er considerably reduce the 

amount of alkali amphibole that can form. Where possible it would again 

seem better to make coaparisone of composition awong alkali amphiboles 

from similar rocks; (c) the formation of biotite in ane significant 

amount probehly reduces the amount of alumina available to the amphibole; 

(d) it is also possible that, as suggested previously, a high percentage 

of early-formed magnetite in tee parent rock may affect the iron:magnesia 

ratio of any amphibole that forms. 

(b) Chemical trends in the aealysed feriemaeneeiae einerals: 

Having considereo a few of the factors that may affect the 

composition of any particular ferromagnesien mineral, it is now possible 

to compare minerals from similar assemblages in order to discover whether 

there nave been aey major changes in meneral composition that could be 

correlated ,Ath changes in the nature of the parent magma. 

In °ig. 19 the molecular proportions of the major oxides 

present in all the analysed ferromagnesian minerals have been plotted, 

and the compositional trends that will now be discussed are clearly 

illustrated. 

Of the sealysed fereehastiugsites, A.38, A.47 and A.71 are frou 

amphibole--fayalite granites that contain small amounts of biotite and 

traces of pyroxene in addition to fayalite. Table 16 shows teat there 

is progressive iron enrichment in the minerals but that the Ca:Ca + alkali 

ratio nardly changes. Of the ferrohastingeites from amphibole-biotite 

granites, A.51 is relatively enriched in magnesia as has already been 

noted, but A.45, A.96 and. A.97 show a considerable and increasing degree 

of iron enrichment. There is also a very slight decrease in the ratio 

CasCa + alkali in these ferrohastingsites. iron enrichment in the 
enelysee calcium-rich amphiboles reaches a maxiaum of 98.5 in A.13, 
the intermediate amphibole, and the Ca:Ca alkali ratio has decreased 
to 35. This amphibole is associated with fayalite and a possible sodic-
fereohedenbergite, and the mineral with which it can perhaps be compared 

is A.37, the calcium-rich arfvedsonite from the hotum arfvedsonite granite 
which contains fayalite and pyrorene relics. both A.13 and A.57 are low 
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TABU 16  
Iron:magnesia and calcium:alkAli ratios of amphiboles and biotites 

(Fe" + Mn) x 100  
+11n+Mg  

Ca  
Ca + Alkali 

Rock type  Sample Amphibole Biotite  Ca-amphibole  Alkali amphibole 

Syenite PB.48 85. : 62 

Amphibole- 
fayalite 
granites 

Amphibole-
pyroxene-
fayalite 
granite and 
porphyry 

Amphibole- 
biotite 
granites 

PB.38 
PB.47 
PB. 71 

PB.13 
PB.37 

PB.51 
PB.45 
PB.96 
PB.97 

69.5 
88.6 
93.7 
95.7 

78. 
88.6 
89.5 

98 
98 

69 
87 

65 
65 
65 

69 
64 
64 
61 

25 

Biotite 
granite B. 1 98 

hiebeckite- 
biotite 
granite 

Riebeckite-
granites 

aegirine, 
biotite or 
astrophyllite)  

PB.29 

PB.20** 
PB. 50 
P13.57* 
PB. 58* 
PB.64 
P11.65 
PB. 7** 
PB.30 

Albite-riebeckitet 
granites (1-
aegirine or 
biotite) 

** Aegirine-rich and aevirine-poor facies respectively of same ruck. 
* Different facies of same rock. 

PB.63 
PB.85 
PB.92 
PB.79 
PB. 3 

!.5
11  
11 

6 
5 
5 

t- 

4 
2.5 
2 
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in alumina compared with the ferrohastingsitee, and the Ca:Ca + alkali 

ratio of A.37 is only 25. 

The alkali ampaiboles can be broadly divided into two types: 

(a) those that come from riebeckite granites in which there may be traces 

of biotite or astrophyllite, and in which the percentage of aegirine 

varies from a trace to VI (b) alkali amphiboles from albite-riebeckite 
granites which may contain abundant aegirine. As the normal iron: 

magnesia ratio is no longer of importance, the author haa used the Ca:Ca + alkali 

ratio as an indication of a compositional trend in the alkali amphiboles. 

In the amphiboles of type (a) there is a decrease in the Ca:Ca + alkali 

ratio from 17 in a.20 to 5 in R.30, and in amphiboles of type (b) the ratio 

decreases from 5 in R.63 to 1 in R.3. It is obvious that amphiboles from 

the albite-riebeckite granites have low or very low Ca:Ca e alkali ratios, 

regardless of whether or not they co-exist with aegirine, ('able 16). 

Alumina is very low in all the alkali amphiboles but tends to be slightly 

higher in those of type (a). There is a gradual increase in substitution 

of Li for Ye" and enrichment in Li is at a eaximum in several of the 

amphiboles from the albite-riebeckite granites. Two of the alkali amphiboles 

axe of particular interest, R.20 and A. 7 from an aegirine-rich and 

aegirine-poor facies respeotively of the parent rock; the two minerals 

differ considerably in coaposition and it is possible that the parent rock 

is a composite intrusion. 

The degree of alkali enrichment shown by the two aegarines, 

Ag. 20 and Ag.92, parallels that shown by the co-existing alkali amphiboles, 

and it is of interest to note that the co-existing pyroxene and. amphibole 

from PB.92 have the maximum possible contents of alkali. 

The few analyses of biotite auggeet that they follow the same 

general pattern of enrichment in iron and alkalis. Biotites B.51 and 

B.45 have (ye" Mn)100:at" + Mn + Mg ratios that are similar to those 

of the co-existing ferrohastingsites (see Table 16). Iron enrichment in 

biotites from biotite granites appeare te be at a maximum in a ferruginous 

biotite from Liruei (Table 13), the analysis of which was given by Jacobson 

et. al. (1958), but the alumina content of this biotite is normal. B.29, 

discussed by the author in the section on biotites, is also a ferruginous 
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biotite that shows extreme iron enrichment but the potash content is 

slightly higher and the alumina content coeeiderably lower than that 

of the biotite from Liruei. 

CHEMISTRY. Oe ThE fl#TOHIr Rcccz or THE YOUNGER GRAN1TV COMPLEXES: 

The following summary of the salient features of the enemistry 

of the pluteeic members cf the founeer Graeieee is based on the work 

of Jacobson et. al. (1958), Turner (/961), eowden (1961 and the author. 

A more detailed discussion of the chemistry of zome of -the granites will 

be foued in later sections of the -theses that deal with individual complexes. 

Gabbros and seenites: 

The small number of seeVses of gabbro that are available 

show the composition of these basic rocks to be quite normal, end they are 

characterised by high normative eoe di, ol, mt, and il. Syenites and 

quartz-syenites occur in the complexes and it is possible that some of 

these intermediate rocks are of hybrid type (see Telmer 1961). However, 

the analyses of the syenites do compare with any of those of syenites 

from the Kungmat F-geld alkaline complex, Ureenland, which have a silica 

content between 50% and 64e (Upton, 1960). The alumina content of the 

syenites varies, but the quarts-eyenites tend to have a slightly 

higher perceatage of normative anorthite. Noevative di, iee il and mt 

are moderately high in the syenites. 

Amphibole  eriniIes: 

(a) Amphibole-fayalite, quarts-fayalite-pyroxene, and arfvedsonite- 
fayalite granites and porphyries: 

These granites, which include the early ring intrusions of 

amphibole-fayalite granite that Black (1958) considered to represent 

the parent magma of the eigerian /eremites, show considerable variation 

in compositioa. They may have a moderately large molecular excess of 

alumina over alkalis, indicated by hies normative an; n slight molecular 

excess of alueiea over alkalis, indicated by law normateve/ge; or a 

molecular excess of alkalis over alumina, indieatee by low or moderately 

high normetive ac. sox ,tine it and mt are, of course, much lower than in 

the basic and intermediate rocks and rarely amount to more than 2e 

together. 
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(b) Amphibole-biotite grenites: 

The amphibole-biotite granites fall within the compositional 

field of the other amphibole granites, but available analyses show 

that they al aye have an exceee of alumina ow,r alkaI±z and contain 

normative an. 

Biotite ere  ices: 

The majority of biotite granites have a higher retie of 

alumina:alkalis (molecu)oe ratio) than the other Nigerian granites, 

nevertheless their compositional field slightly overlaps that of the 

ampaibole granites. Generally the biotite granites contain normative 

Aa., and the albite-biotite graaites commonly contain normative C; more 

rarely the aibite-biotite granites centain normative Vic, e.g. albite-

biotite granite from Sera-Fier complex. 

hiebeckite granites: 

The riebeckite granites oonstitute u chemically more homogeneous 

group than those considered above. They are all high in molecular content 

of alkalis relative to alumina and they contain normative so, whilst the 

albite-riebeckite granites contain noreative ne. The silica eentent of 

the albite-riebeckixe granites is much lower than in other riebeckite 

granites (71:!,  against 75%) and they ere also rich in fluorine. The lime, 

magnesia and. total iron content e of ell the riebeckite granites are low, 

and there may be little or no normative 0L, ice, jInp or mt. 
The great differences in the normative composition of the 

biotite end riebeckite granites led Jacobeon et. al. (1958) to suggest 

that differentiation in the iigerian granitee proceeded alone 7 two divergent 

trends; an alumina-rich trend resulting ie formation of biotite granites, 

and an alkali-rich trend resulting in the formation of riebeckite granites. 

TRENDS I THE; _rune= ROCKS OF THE TOO GE GAAN1TE COPPLEXES: 
Before any attempt is wade to distinguish the main compositional 

trends in the intrusive rocks from the Younger nranite complexes it is 

necessary to consider the various factors that may have affected the 

original bulk composition of many of the rocks. 

1. Thin sections of the Mama biotite gabbro, from the of complex, which 

is considered to be typical of the gabbros occurring in the complexes, 
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show that there has been considerable post-crystallisation alteration 
of the rock. The felspar is frequently neared completely aericitised; 
part of the biotite appears to slave undergone an early recryetallisation 
into sheaves of saall amens, and meet of the biotite, including the 
recrystallised material, has been partly or wholly 	to chlorite; 
pyroxene n;e: wean partly converted to uralite which. in turn ;.eee been 
altered to chlorite. Tpidote !lad calcite are oteer ve041',110A. 3eCtOridarY 

alteration products present in this caber°. 
2. in the amphibole-fayalite and pyroxene-fayalite granites and porphyries, 
the fayalite is generally altered to serpentine or other minerals including, 
possibly, iron-oxide which is associated with the alteration products, 
and fresh fayalite is rare. kyroxene appears to have suffered some loss 
of iron, as brownish limonitic oxide ie often reeeent in the pyroxene. 
The original iron-titanium eineeale of these rocks may also be associated 
with undoubted alteration products that apparently include retile. 
3. The biotite in hornblende-biotite graaites has often been subject 

to hydrothermal alteration and, on anelytical evidence, loss of petasb 

and secondary oxidation of ferrouy to ferric iron are the most obvious 

results of such alteration. In the Fier river area of the Sara-iier 
complex there has been considerable hydrothermal and metasomatic alteration 
of acid, basic and hybrid rocks (Turaer, 1961), and in addition to the 

alteration of biotite mentioned above, there has been pronounced martitisation 

of the ironetitenium oxides in the rocks from this area, e.g. in PB.51. 

4. A nneber of the biotite granites have eeen affected by the intense 

mineralieation that was centred around the complexes of the Jog Plateau 

area, particularly the biotite granites of the Jos-Bukuru complex where 

alluvial tin mining is concentrated. In the mineralised areas there has 

been scare exeisenisation of the upper levels of the stock-like intrusions 

of biotite granite. The albite-riebeckite granites from the Kigom Hills 

in the Jos Plateau have also been subject to late mineralisation, and 

fractures and cavities in these rooks have been filled. with ore minerals 

which are accompanied by calcite. 

5. Reny of the amphibole granites and porphyries are xenolithic and 

contain variable sized fragmente of earlier volcanic, or intrusive, 
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acid and basic rocks. PB.37 and P3.38, both from Sha-Kaleri complex, 

are xenolithic rocks. 

6. A high proportion of the granitic rodke contain minor amounts of 

albite teat appeare to have replaced perthitic alkali felspar and, 

occasionally, the ferromagnesian minerals, and in the albite-riebeckite 

and albite-biotite granites such secondary albite may be extenelvely 

developed. A email nun ber of the albite-riebeckite granitea, e.g. 

a.79 from .,too and ae. 3 from Liruei complex, appear to eave been auto-

metaeoeatised by their own alkali-rich residual liquids that failed to 

escaee to form pegmatites. Tice pegmatoidal affinities of these granites 

are emphasised by the accessory minerals they contain; pyrochlore, topaz 

and cryoiite. 

There is little doubt that the results of alteration by highly 

aqueoue hydrothermal solutions (evidenced by the alteretion of hiotitee 

to hydrous biotites), mieeralisieg solutions rich in metals (shown by 

the late deposition of ore minerals in fractures and cavities, e.ee in 

the albite-riebecaite granites of ideom Mlle), and stronelj alkaline 

residual eageatio fractions (az evidenced by the alhitisation of certain. 

granites), have been to modify the original oulk compositions of many of 

the intrusive rocks present in the complexes. Such modifications to 

original composition may sot have been great enough to diminish appreciably 

the large cneaieal differencee between the basic and intermediate rocks 

and the granitea; but in the granites which have a rather narrow range 

of composition comeaxatevele aaall losses or additions of material may 

aave served to uoscure or empaaeise tee original chemical differences 

between tine various reek types. in particular there appears to have 

been a considerable addition of soda and alumina to, and 1GZS a silica 

from, tune albiae-riebeckite granites seta a mailer addition of soda and 

alumina to the aleite-biotite granites. Tile followieg analyses seem to 

support the suggestion twit the albite-riebeckite granites in particular 

are not normal products or differentiation, as they bear very little 

resemblance, chemically, to (a) tee average analysis; of 35 comendites, 

paisanites and peralicaline granopnyres, as given by Carmichael (1962), 

OH the average analysis of 40 pantellerites, geven by the seine author, and 



(c) the analysis of comenditic rhyolite from Liruei complex, ni-o-a-ia, 

or (d) the analysis of a rhyolite with a slifAt molecular excess of 

alkali, iron huji cumplex, nigeria, 
normative composition  

Ill 12.2). 191 IL 
:4 30.7 

Or 27.8 

Ab 52.C- 
Ac 4.6 

LS - 

so 0.9 

Sa 0.4 

Ps 1.8 

Di - 

. - 

Mt 1.2 

11 0.6 

20.5 
25.3 

42.2 

1.8 
- 

- 
- 

- 

2.5 

- 

0.3 111•I 

32.3 

31.9 

0.4 
- 
- 

- 
.. 

- 

0.5 

0.8 

27.8 30.5 
25,6 26.1 

	

11.1 	6,0 

25.2 32.5 29.7 

	

1.8 	0.5 

	

1.3 	- 

	

0.5 	- 

	

5.8 	- 

- 0.8 

- 2.4 
- - 

	

0.9 	0.3 

(a), (b), (o) and (A) are as rationed above and (e) is the averse e of 

two analyses of albite-riebecalte graalte from Aqigeria. The very low 

quartz and nigh albite Conte its of the albite-riebeckite granites from 

Nigeria distinguish them from all the other analyses quoted above, and 

it is obvious that these albite-rieoeokite aTanitee have coapositions that 
differ greatly from those of possible liquids. In view of this latter 
fact tne author suggests that the more normal riebeckite and, possibly, 

biotite aranites should be causidered ac the ena products of any differ-

entiation process that operated in the parent magma. 

Ma for rends 
Considering all the factors entioneG. above, the main trends 

in the plutonic rooks appear to be: 

(a) Large docreaues in lime, waguesia and. total iron; a large increase 

in alkalis and a aaall increase in alumina, on proceeding from basic 

to iatermediate and granitic rocks. These trends are shown in Fig.20(a), 

a triangular variation uiagram showing changes in molecular percentages 

of the major oxides present in the plutonic rocks. 'he diagram is after 
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Jacobson et. al. (1950, supplemented by additional information from 

Turner (1961). 

(b) In the granitic rocks there is a continuation of the trends in 

(a) but the degree of variation is slight and it will be see. from 

Fig. 20(b) that the fields of comeosition of the main granite types 

show some overlap. 

Although there is a considerable increase in the molecular 

percentage of alkalis, relative to the other major oxides, in the 

late intrusions in the Nigerian complexes, it is of interest to note 

that the Younger Granite Province is not highly alkaline it; cnaracter 

and there are no alkaline rocks (in the sense used by Tilley, 1951) 

developed in the Province. The apparently alkaline nature of the 

Province is due to the unusual predominance of alkali-rich ferromagnesian 

minerals in the late granite intrusions. 

The trends in the rocks differ slightly from the trends in 

the minerals, discussed previously, in which, as differentiation 

advanced (a) total iron first increased relative to lime, magnesia 

and alumina, and (b) when iron enrichment was at a maximum the minerals 

became enriched in alkalis relative to the other constiteents. 

MINOR ELEMENT. IUSTRIBUTION IN THE PLUTONIC ROCKS: 

The distribution of minor elements Rb, Li, Ga, La, fb, Y, Zr, 

nb, Sr, Ida, 3n, Pb and F, has been discussed by Bowden (1961) and the 

distribution of Rb in the granites has been more fully discussed by.  

Butler et. al. (1962). Many of the trace elements eentioned above and 

others, including U and Th (Jecobson et. al. 1958), reach a moderate or 

high level of concentration in particular types of granite and this is 

shown by the variety of accessory minerals in biotite or albite-biotite 

granites, and topaz, beryl and wolfram are associated with greisens and 

quartz veins in the biotite granites. The extensive alluvial concentrates 

of tin that occur in the Joe ilateau area are also associated with the 

biotite granites. eolybdenite, chalcopyrite and pyrite occur in the 

albite-riebeckite granitee of the Kigom Bills and cayolite, pyrochlore 

end topaz are present in the albite-riebeokite granites from the Ano 

and Liruei complexes. Fluorite and zircon are common accessories in 
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many of the granites. A number of these minerals, e.g. fluorite, 
zircon, topaz and pyrochlore, appear to be of primary origin, but 
others, including the sulphides, are associated with the post-magmatic 
mineralisation that has particularly affected the granites of the Jos 
Plateau area. 

Calorimetric determinations of trace elements hi, Co, Pb, Cu 
and Zn, nave been made by the author for a number of granites and the 

results (in ppm) are eummarised below: 

Average for 10 amphibole- 

Iii Co Pb Cu Zn 

fayalite granites 2 28 5.k 29 
Average for 7 amphibole-

biotite granites 1 11 4 148 
Range for 17 riebeckite 

granites 0.05-14 0.05-9 12e434 3-920 100-2800 
The above data for these elements can be compared with data given by 

Carmichael and eiceonald (1961) for other acid rocks: 

hi 

Average for Icelandic pitchstones 
0.7 

Co 

1.3 

Pb 

9 

Cu 

9 

Zn 

125 
e 	" Arran pitchstones 1.1 1.4 18 5 52 
e 	" Eigg pitchstones 1.2 1.3 21 54... 122 

Skaergaard acid granophyre 28 6.1 4:10 136 

70 granitic rocks (Wedepohl, 
1953) - - - - 45 

20 granites and rbyolites, 
average - - 19 16 ORR 

20 granitic rocks, average 8 50 "OP 

*Sandell and Coldich (1943) 

It is clear from these figures that the concentratioe of hi, 
Co, Cu, Pb and Zn in the amphibole-fayalite and amphibole-biotite granites 

from Nigeria are similar to the concentration of these elements in the 

pitchstones from the earth Atlantic Tertiary Province. in the riebeckite 
granites there is a wide range in the concentration of all five trace 

elements, and the maximum contents of Pb, Cu and Zn in these granites 

is far higher than in an. of the other acid rocks mentioned above, including 
those discussed by Carmichael and McDonald. 



CONDITIONS OF FORMATION OF SOME FERRWAGNESIAN MINERALS IN THE  
YOUaGEH GRANITES: 

Over a number of years various synthetic systems have been 

investigated (many of them in the Ceopbaeical Laboratory, iashington) 

with a view to elucidating the stability relations of some of the more 

common ferromagnesian minerals. 

Experimental work that is of particular relevance to problems 

of formation of minerals occurring in the rocks from the Younger Granite 

complexes includes: 

(a) Studies on the system iron-oxide--silica--water, at low (02)P, 

carried out by Flaschen and Osborn (1957), End mainly concerned with the 

stability relations of fayalite. 

(b) Studies on the stability relations of riebeckite and riebeckite-

arfvedsonite solid solutions, carried out by Ernst (1962). 

(c) Stability relations of the ferruginous biotite, annite, carried 

out by sugeter and Wanes (1962). 

(d) Studies on the phase relationships of biotites on the join phlogopite-

annite, csrried out by Wanes and hugater (1958). 

The results of these experimental studies will be discussed 

briefly. 

(a) 	Stability relations of fayalite (Felai04  ): 

Flaschen and Osborn (1957) investigated the system iron-oxide--

silica-awater, at high total pressure, low P(02) and at temperatures 

between 200°C and 925°C. 

Fayalite was found to be stable at temperatures between 60°C 

and 925C at low P(02); provided no aqueous phase appeared fayalite 

was stable down to temperatures of 200°C. With :similarly low f(02) and 

at temperatures above 480°C, fayalite and quartz co-existed in stable 

equilibrium. (In all these experimental systems the stability ranges 

of the minerals being investigated were found to be affected by the 

formation of otaer solid phases, e.g. the formation of quartz lowers the 

stebility of ferruginous and other biotites). 

In the Younger Granite complexes cf Nigeria fayalite is present 

in syenites, in early intrusions of quartz-pyroxene-fayalite porphyry,  

and in amphibole-fayalite granites. in tne syenites rAnd quartz-pyroxene- 
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fayalite porphyries the fayalite co-exietz3 with pyroxene of ferroaugite 

or hedenbergite composition and with amphibole; quartz co-exists with 

fayalite in all these rocks with the exception of some of the syenites. 

In the quartz-pyroxene-fayalite porphyry from Liruei 03.13), the fayalite 

co-exists with phenocrysts of quartz that have the bipyramidal form that 

is typical of es -quartz, which is stable over a wide range of temperature 

above 600°C, dependent on the total preesure. The amphibole in this 

rock is too calcium-rich to be an arfvedsonite which is known to be stable 

at low P(02) at temperatures near 
70000  (see next section). The Fe":F61" 

ratio of this amphibole is high (9.4) and indicates that the 1(02)  wee 

low during the formation of the porphyry. The ilmenite from this rock 

contains nearly 8e ne2  Ue  and some excess of divalent oxides, and it is 

known that ileeeite forms a solia solution series with .Tee2
0
3 
at temperatures 

above 600°C (Edwards, 1954) and can also retain excess Fee in solid solution 

above this temperature. Using the experimeetal and analytical evidence, 

it seems probable that the porphyry Pe.13 formed under conditions of 

lowP(02 • • ) and that crystallisation Oegan at a temperature eomewhat higher 
than 700°C. The possible temperature of formation of this rock must 

remain slightly doubtful as it is rich in fluorine and no data are available 

as to the possible effects of fluorine on the stability of fayalite. 

eyalite, quartz and a calcium-rich arfvedsonite also co-exist in 7e6.37 

from 	the amphibole having a W1:Fe"1  ratio of 3.12, and it 

is likely that this rock formed at a slightly lower temperature (although 

still near to 700°C) and a 'such hitter r(o2) than did ee.13. 
Other fayalite-bearing rooks such as the Pankshin syenite 

(PB.4.8) and nmphibole-fayalite granites PP.38 wind P13.47 from Oha-Kaleri 

and Pankehin resectively, have presumably formed at higher temperatures 

than PB.37 and PB.13, as the former rocks contain fayalite that co-exists 

with amphibole that is richer in lime and magnesia than the amphibole 

in either PP.37 or 113.13. The presence of magnetite containing coarec 

exsolution lamellae of ilmenite in Pe.48 supporta the suggestion of a 

high temperature of formation for this rock, as homogeneous titaniferous 

magnetite is known to form and to start unmixing at high temperatures, 

although the precise temperature at which unmixing starts is not known 
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(Vincent et. al. 1957). 
To summarise the above discussion; exeerimental work 

together eitn other evidence sugeests trat fayalite-bearing rocks 
in the Younger eranite complexes formed at temperatures raneleg from 
somewhere below the upper stability limit of fayalite (920°0), to 
approximately 700°C. The cessation of formation of fayalite in the 
eigeriae Granites was probably due to sharp increases in the water and 

volatile content of the parent magmas, which resulted in high (02) 
conditions in which fayalite wes not stable. 
(b) Stability relations of riebeckite and riebeckiteearfvedsonite solid  

solutions: 

Experimental work on tne stability relations of magnesio- 
riebeckite has been carried out and reported by ernst (1960, end  more 
recently (1962) Ereet has investigated the stability relations of riebeckite 
and riebeckite-arfvedsonite solid solutions. 

employing ehe bulk composition ea20.5ie0x.8Si02  + excess 

water, Ernst has .ynthesieed riebecsite and members of a solid solution 
- 

series extending from an inferred composition of 
o  bit

2 
 Fe"

3
Fern

2Si8022
(OH) 2 

to (ha Fe" 	)(Fe" ekes" 	)(6i  -Fe'''0.3)°22(°il) . ehysical 2.4 	0.6 	4.3 	7.1 	2 
paremeters that governed phase equilibria included fugacity (or partial 

pressure) of oxygen, f(02), temperature and total pressure, the oxygen 

fugacity being controlled by copper, iron (+ silica and nickel oxide 

buffers. Composition of the amphibole formed varied with f(02). At 
high f(02), defined by the haemetiteemagnetite 'peeler, the mineral formed 
was a riebeckite; with declining f(02) and/or increasing t the mineral 
became more arfvedsonitic wita gradual filling of the vacant (A) lattice 
site, ann near the low f(02) limit of magnetite atability the amphibole 
had an inferred composition close to (142.3Ve  '107)(Fe"4.7?el"0.3)Si022("2' 
ehe A-site being full and electronic balance maintained by ceanees in the 
ferroustferric and Na:Pe" ratios in the A and 1 positions. With the 
e-site completely filled it was suggested by rnst that compositional 

change was effected by replacement of tetrahedral silicon by ferric iron, 

accompanied by changes in the a:Fe" and furrous:Ferric iron ratios, and 

at the point where the oxygen fugacity was defined by the magnetite-wastite, 

magnetite-iron and wftstite-iron buffers (low L(02)), the amphibole had an 
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inferred composition close to (l'a2.4F°"0.6)(Ye"4.3Few0.7)(S17.7F°"10.3) OWN 

022(0i1) 
Summarising the main results ef the experimental work, and 

attempting to apply the results to natesaa systems where Ca replaces 

the Fe" in the X-site of the synthetic minerals, it was shown by Ereet 

that: (a) at low oxidation states and at temperatures just above 700°C, 

arfvedsonite can co-exist with an iron-enriched ealic melt; in natural 

rocks, judging from the composition of the synthetic mineral, an arfvede 

sonite formed under the stated coeaitione would be expected to have a 

composition near to ((aa6 a)2.4 Ca0.6 )(Fe,' 
4.3-4.7Fe'"0.7-0.3) [Si7.7-8.0 

(A1,Fel"°') t 	
0.3-0.0 C22 (OH,F/2; (b) Experimental work showed that °- )  

riebeckite-arfvedsonite solid solutions are stable at normal magmatic 

temperatures up to 712°C at 2,000 bars total pressure, and the minerals 

formed show eo sign of exsoiution even at moderately low temperatures. 

As T decreases and f(02) increases in natural rooks, the composition of 

the riebeceiteearfvedeonite being formed should change, with gradual 
decrease in the Ca present in the araite and decrease in alkali present 
in the `-site, whilst the ratio of Fe" :1.0" should snow a considerable 
decrease; (c) The synthetic work showed that pure riebeckite, with 

composition approximating to that of the theoretical end-member, is 

unstable above 512°C at 2,000 bars total pressure. In natural rocks, as 

has been. pointed out by Enlist, such conditions of high f(02), and temperatures 

below 512°C are most likely to be met with in very late alkali-rich 

pagmatitic liquids. 

in the aigerian aranites the aeehiboles nearest in composition 

to the synthetic arfvedsonite mentioned ie. (a) above, ere A.37(which is 

a calcium-rich arfvedsonite), R.20, 	ii.57 and R.58, which have 

formulae of tae type (("14)2.0-2.5Ca0.3-0.7) (Fell'Fai")4.8-5.0(817.5A10.5)  

C22(0a,F)2
. All these amphiboles are fluorine-containing and, as arnst 

has suggested that the stability of riebeckiteearfvedeonite is increased 

by the presence of fluorine, it is possible that A.37 formed at a temperature 

near the upper stability limit of riebeckite-arfvedsonite (712°C), and 

that the others formed at temperatures slightly below this; artial 

pressures of oxygen. were probably low to moderately high. 
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In several of the remaining alkali amphiboles from the 

Younger Granites, R.64, i.65 and R.50, the amount of calcium has 

decreased slightly relative to alkali, and Si has increased relative 

to the other tetrahedrally co-ordinetee ions. These amphiboles are 

to be considered as riebeckite-arfvedeoaite solid solutions of the 

type synthesised by ernst and they presumably formed over a ranee of 

temperatures below 700°C. however, at this stage of amphibole formation 

in the eieerian granites there appears to have been a significant 

difference in the compositional trend. in the natural amphiboles, compared 

with the synthetic minerals. From the synthetic work it would be expeceed 
that as the Ca:Ca + alkali ratio decreased, with decreasing Ca, in naearal 

minerals with decreasing T and/or increasing f(02), there would also 
be a slight absolute decrease in the amount of alkali present in the 

a-sites, out in the natural minerals teem is iastead an absolute increase 

is alkali in the A. Anil  :-sites, ,he average alkali content of the amphiboles 

mentioned above being 2.8 atoms. In the amphiboles from the albite-

riebeceite granites, R.3, e.63, R.85, R.92, 4.79, there is a further 

increase in the amount of alkali present in the AX-sites, the average 

content being 2.9 atoms, and these minerals have generally lower Fe":Fe"' 

ratios, and slightly higher Si contents, than the other alkali amphiboles 

from the Younger Granites. ":here seems little doubt that the amphiboles 

in the albiteeriebeckite granites formed in alkali-rich residual magmam 
teeter conditions or low temperature (possibly near the upper stability 
limit of "pure" riebeckite) and high f(o2), and it is necessary to explain 
the different compositions of the ayeteetic and natural minerals formed 
under these conditions. The most probable explanations are (a) in natural 
salic-rich residual magmas where conditions are such that riebeckite-
arfvedsonite or, possibly, eiereeckite can form, a deficiency of alumina 
in the magma. (snown by nigh normative acmite coeeent of the rock, implies 

that any excess alkali that is present must either be removed ia a late 
wegmatitic liquid or, if it fails to escape from the consolidating magma, 
the alkali must go into a ferrmagnesian mineral which as vacant lattice 
sites; in this case, riebeceite: (b) the alkali eatpaiboles from the 

riebeckite-granites, and tnoee from the aloite-riebeckite granites 
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in particular, show increasing substitution of Li+  for Fe++, resulting 
ia a considerable electron deficiency in these amphiboles whica could 
have been aartly compensated for by adaitionel jAki-  or le+  en:,ering the 
vacant lattice sites. 

From the results of the work of Ernst on synthetic minerals, 
and from a consideration of the ccmpositions of the natural alkali 
amphiboles from the aiaerian graaitee, it is euggested that: (a) a 
number of arfvedsonitic ampaibolee (with type formulae near to that 
suggested for arfvedsonite by ?liyashiro, 1951) waica contain moderate 
amounts of lime and alumiea, were formed in the higerian riebeckite 
greaites at temperatures aear or a little below 70G°C and at low to 
moderately bleb f(02); (b) riebec:ite-artvedsonite continued to form 
in the riebeckite and albite-riebeckite granites

( 
 over a range of temperatures, 

and possibly down to the upper, stability limit (12°Ci of "pure" riebeckite, 

under conditions of gradually iecreaeing 1(02). rite continuing entry of 

alkali into the vacant le Mice sites of the natural minerals is contrary 

to the trend in the synthetic minerals, end is probably due to the alkali- 
rich, &lumina poor, nature of the parent magmas. 
(c) Stability relations of the ferruginous biotite, annite: 

The stability relations of annite ( lTe"3141A3010(0h)2) have 
been discussed by gagster and Wones (1962). 

Phase relationships were governed by total eressure (applied 
as H20; the authors consider their results valid for natural systems 
only if total reesure is 'Known to have been due to a similar media), 
temperature and f(02). Changes in total pressure, from 10j5 bare to 
2070 bars, were found to have little effect on the stability range of 
of annite, but increases in f(0e) increaseci tGe values of temperature 
and. pressure at which the mineral was stable; addition of quartz decreased 
the stability limit of annite x resrn825°C at 2070 bars pressurepto 705°C 
at this pressure. 

It has been emphasised by Sugster and. Wanes that application 
of the stability data for annite to natural minerals is limited by 
the rarity of annite, a;-.La by the fact that substitution of 	for Fe" 
will increase the stability of iron-rich biotites: et 7(71  bmrs pressure 



phlogopite decomposes at 1100°C but annite deconposes between 400°C 

end 825°C at 2070 bars pressure, and between 545°C and 782°C at 1035 

bars pressure, depending on the value of f(C2). These authors also 

pointed out that the presence of fluorine greatly decreases the stability 

of synteetic phlogopite and probably decreases the stability of annite. 

It is also suggested by Eugster and Vanes that the growth of iron,• 

biotite from silicate melts of granite composition, is possible even at 

low water pressures, as the annite ratability curve at the point that 

gives the f(02) for the magnetite-wdstite buffer, intersects the P(H20)-T 

curve for the ternary minimum of the granite system at approximately 600 

bars (1120);s 	however*  the range of f(02) over which annite is stable 
at the liquidus temperature of the granite eystee is narrow. 

Two of the biotites from the Bigerian granites can be considered 
in the light of the experimental work; B.1 from the biotite granite of 
Liruei, aA B.29 frog: the riebeckite-biotite granite of Amo (Table 13), 
although both are rich in fluorine, they occur in quartz-bearing assemblages, 
and 3.29 co-exists with an ironerich alkali amphibole, P.30. teperimentally 
it was determined thee at 1035 bars pressure ennite hnd quartz could 
co-exist between 545°C and 685°C depending on the 1(02). .&e the trend 
in the :6lgerian granites appears eo be toward the low pressure, low 
temperature minimum in the geanite system tto be discussed later) it io 

unlikely.  that 13.29 formed at a higher total pressure than 1035 bars and, 
therefore, at a temperature higher than 685°C. As the fluorine content 

of B.29 is high the maximum temperature of formation would presumably 

have been much lower than 685°C, and a temperature of 600°C or teereabouts 

is probably a wore realistic estimate. The composition of the alkali 

amphieole from the same rock. as B.29, which was discussed in the previous 

section, also suggests that 600°C was a likely temperature of formation 

of both these ferromagaeeien minerals. The composition of the biotite 

n.1 from a biotite granite is also that of a ferruginous biotite, but 

it is richer in fluorine than 33.29 and would therefore have been stable 

at a silently lower temperature than B.29, probably e little below 600°C. 

This temperature seems probable in view of the fact that this biotite 

granite represents the third intrusion in the late volcanic-granitic 



cycle of activity in the Liruei complex, and the author has suggested 

that the earliest (norehyritic) intrusion, PE.13, in Liruei commenced 

to crystallise at a temneratuxe near 700°0. 

Other analysed biotites from the Younger Granites have 

compositions that lie on the phlogopite-annite join altheugh no 

maenesium-rich biotite has yet been reported. The stability relations 

of such biotite? are under investigation by Wonea and Eugster, and 

these authors have made a nrelieinary report of their results 0.959). 

The stability of biotite on the phlogopite-amaite join, 

co-existing with rotash-felspar, magnetite and water vapor, is dependent 

on 1(02) although, as in the experiaental work on a:mite, the ,addition 

of ousrte to the systee le believed to lower the upper stability limit 

of the biotite. 

With a haematite-magnetite buffer the stability lieits of biotite 

conteining between 6O and 10407! annite (this range will probably include 

the majority of biotites from the Younger Granites) were between. 620°C 

and 540°C; with a nickel-nickel oxide buffer (slightly increasing 

f(02)) the stability limits were between 800
°C and 640°C; and with 

a quarte-fayaliteemagnetite buffer the stability limits were between 

900°C and 700°C. The magnitude of the f(02) given ba the haemetite- 

magnetite buffer may be too low to be applicable to the minerals being 

discussed (Eugster and 'Ames, 1962, point out that formation of haematite 

is characteristic of near-surface environments in the earth's crust, 

whore atmospheric oxygen is circulating), and only the etn.bility of 

biotites formed under f(02) conditions given by the other buffers 

mentioned. above will be considerene, The moat mennesinm-rich of the 

analysed biotites io 3.51 (Table 13) containing 6.35 T"gC which corresponds 

to a biotite containing ea. 251, phiogopite, and such a biotite should be 

stable at temperatures between 740°C and 7&)°C depending on f(02). 

however, as B.51 coues from a quartz-bearing assemblage, that also 

contains magnetite eed potash-felspar, the stability limits would be 

lower than this FO it is doubtful whether the mineral formed at a 

temperature higher than 700°C. B.45 is a more iron-rich biotite with 

only 2%f. 4t) corresponding to a phlogopite content of ce. 5'",  and the 



stability limits of such a biotite would tc between 6500C and 730°C, 

but once again the presence of quartz in the parent rook would reduce 

these temperatures conaijorably. 

Menerol 6i1=14nr: 

it is suggested by the putnor, ea the basis of a comparison 

of compositions of the ierromacnesinza minerals in the Younger Granites 

with synthetic miuerals formed wider known conditions of T, P (total) 

aad 	(U2), 

 

tit t,ne granites aru syenites formed over a range of 

temperatures between ca. 900C and oa. 515°i.:„ the upper stability 

limits of ka4alite and riebeckite reepectively. Crystallisation of 

tan alkali suiphiboles in the later intrusive* in tne complexes waa due 

to conditions of increasing IA02) in tne alkali-rich residual iliAfruIs. 

Possible teeratures of formation of a number of minsrals have been 

suggeetec: out they are =likely to be very close to actual teiLperatures 

oi form4tion u8 (1) tie total ,:..ressures employed in the experimental 

systems varied between 1(0(..i and itgA) bare, an it is possible that some 

of the M•cerian graaites formed anther lower total pressure of water; 

(2) the compositional trend in alkali-amphiboles from the YoUl4i,VT Granites 

in diiierent irom that in the synthetic minerals, and it is difficult 

to oiosely correlate the oomiositions of the synthetic eid natural 

Thinorals; (3i tine .7:!:i.jority of hydrous terromaignesian isdneis from the 

letsiger Granites contain fluorine and tne precise effects of fluorine 

on the stability of these minerals are not known; (4) the natural 

biotites occur in quartz -bearing assamblagea aria the effect of quartz 

on the stability of hiotites has only been partially investageted; 

(5) •Wie synthetic Wxtites a trioctahmiria micas, whereas the natural 

analyed biotites are obviously solid solutime of di- and trioctanedral 

micas, end Again it is difficult to close4 correlate the conlositions 

of naturl and synthetic miners:1a; (6) many of the over i.irahites 
have been subpect to hydrothoreoll fateratioh, aini a i. water of tie 

riebeckite erauites bawd bees partly alOitised, and it e taut possible 

to decide how much alteration, if any, of the ferrom4enesian minerals 

has taken place. 



PROBLEMS OF THE EVOLUTION OF THE YOUhGER GRANITES: 

There are many problems in connexion with the evolution of 

the Younger Granite complexes, and as a number of these problems 

arise directly from a consideration of the distribution of the complexes 

and of the pattern of igneous activity in individual complexes, a 

resume of the essential features of the Younger Granites is necessary. 

Regional distribution of the complexes: 

It has already been pointed out by Jacobson et. al. (1958) 

that the Younger Granites can be divided into two groups: 

1. A northern group, found north of latitude 10°, which the above 

authors considered to represent an early stage of igneous activity 

in the foureor Granite Province. (See location Map 1). 

2. A southern group, south of latitude 10°, centred around the Jos 

Plateau. 

The complexes in either one of these two groups have many common 

characteristics and these can be summarised: 

1. northern group of complexes: 

Structurally these complexes are of a simple type: early 

volcanic activity has often been intense with extrusion of rhyolites, 

mainly of central vent type, that may have been aligned along ring 

fractures. Limited intrusion of basic rock sometimes occurred during 

the volcanic cycle and occasionally, as in the Xila-Wurji complex in 

the north-east, basic rock is the predominant intrusive rock found in 

the complex. the granitic cycle of activity in these complexes was 
obviously restricted and the early ring dykes of amphibole-fayalite 

or amphibole-biotite granite that are abundant in the south, are of 

less frequent occurrence in the north. In a typical northern complex, 

hiruei, the granitic cycle of activity consisted of successive intrusions 

of amphibole-fayalite, biotite, aegirine-riebeckite, and riebeckite 
granite, and it is rare in the north for any complex to consist of a 

greater number, or have a greater variety, of granite intrusions than 
this. Riebeckite granites are slightly more widespread in the northern 

complexes than are biotite granites. 

2. Southern grow) of complexes: 



In the southern complexes the early period of volcanism 

was less pronounced than in the northern complexes, and rhyolites and 

other volcanic rocks constitute a small percentage of the total volume 

of rocks. The early period of granitic activity in these complexes is 

usually marked by the intrusion of amphibole—fayalite (or quartz—pyroxene— 

fayalite) granite or porphyry along ring fractures, and these intrusions 

were followed by further ring or stock—like intrusions of amphibole— 

biotite, biotite, albite—biotite, riebeckite and albite—riebeckite granite, 

although not necessarily in that sequence. A single cycle of ranitic 

activity in complexes in the south, may show an intricate pattern of 

intermittently repeated intrusion of particeler rock types, accompanied 

by intrusions of minor quantities of basic and intermediate rocks. In 

the She—Kaleri complex for example, the KaIeri cycle of activity consists 

of eighteen separate intrusions that include five different biotite 

granites, plus syenite and microgabbro. In contrast to the comi:7 0 ,::es 

in the north, biotite granites are abundant in the southern complexes 

and riebeckite granites are comparatively rare. 

In many of the southern complexes there has been more than 

one cycle of granitic activity and the separate cycles of activity 

may be (a) partly superimposed as in Jos—Bukuru complex where it has 

proved difficult to interpret the age relations of three cycles of 

activity, and (b) easily distinguishable as separate cycles of activity 

due to periodic shifts in the focus of intrusion, as in the Sara—Pier 

and Pankshin complex Where an apparent southward shift in the focus of 

activity (Turner, 1961) has given rise to five centres of granitic 

intrusion. 

it is also of interest that the late mineralisation associated 

with the development of ore minerals in the Province, was largely 

centred on the southern complexes, especially in the Jos Plateau area, 

e.g. half the tinfroduction in the Province is from alluvial deposits 

believed to be derived from the biotite granites of the Jos—Bukuru 

complex. The distribution of the various rock types in the northern 

and southern groups of complexes is approximately: 
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(1) Northern AMID (including Liruei, audaru, £anke, Saiya-Shokobol, 
Kila-Warne  Kwandon-Keya, hingi, Fagai-Gadama, Tongola, 
Jere-Sanga): 

Sq. miles 	Percent of total 

Basic and intermediate rock 	110 	15 

Volcanics 	 226 	ti 

Amphibole granites 	45 	6 

Riebeckite granites 	192 	25 

Biotite granites 	1.. 	 24 

Total 	758 

(2) Southern group (including Rop, Sara -Fier, Sha-Kalari, Jos-ukuru, 

Se. miles 	 ecent  of total 

Vom, Amo-Buji, Rakuba, Afu, Forum): 

Basic and intermediate rock 11 1 

Volcanics 29 3 

Riebeckite granites 32 3 

Biotite granites 768 77 

Amphibole granites 16 

Total 995 

From the preceding data about the nature of she Younger 

Granite complexes it is possible to enumerate the various problems of 

their evolution.: 

1. 	The association of basic, intermediate and acid rocks in the 

province makes it natural to suggest that fractionation of a basic 

magma has given rise to the series of intermediate and granitic rocks. 

Objections to this theory are (a) the absence of intrusions in which 

there is a gradation from basic through intermediate to acid rock; 

(b) the paucity of intermediate rocks; (c) the difficulty of deriving 

the great volume of acid rock that is found in the Province, from an 

apparently negligible quantity of basic magma; this is a. common problem 

in provinces of basic-acie rock association and has been recently discussed 

by King (1962). it is, of course, possible that in individual complexes 

where there are relatively large amounts of basic rock associated with 

the granites, differentiation of the basic magna has produced the granitic 

rocks. The problems involved in attempting to derive the large bulk of 



granitic rocks from a basic parent also arise if it is suggested that 

a syenitic magma was the parent of the granites, for syenites are 
of even more restricted occurrence than basic rocks in the .7erovince. 
In this connexion, the only example in the Province of a basic to acid 
series of successive intrusions is in the StaKaleri complex; during 

the Kaleri granitic cycle the Mbul series of intrusions were apparently 

injected along a single ring fracture, the sequence of intrusion being 

microgabbro-ayenite-hornblende biotite granite-biotite granite, and 
there is a gradational contact between the syenite and hornblende-
biotite granite (Jacobson et. al. 1958) 

2. 	The difficulty of establishing a genetic relationship between 

the basic and acid rocks resulted in Black 1,1956 suggesting that the 
amphibole-fayalite granites (intrusions of which often initiated the 

granitic cycles of activity) represent the parent magma of the granitic 

rocks. One again, the small proportion of amphibole-fayalite granite 
(about 	of the total volume) compared with the great quantity of 

biotite granite (nearly 60 of the total volume) is the chief obstacle 
to accepting the former rock type as representing the parent magma. 

Turner (1961) has also mentioned this problem and suggested that the 
biotite granites are reconstituted rocks; this point will be referred 

to again later. 

Ln connexion with the problem of the parent magma of the eranites 

it is, of course, necessary to show that the granites have been produced 

by a homogeneous parent magma, and for this purpose analyses of granites 

and rhyolites from the complexes eave been plotted on the ternary diagram 

for the system orthoclase-albite-silica (Fig. 21); this system is 

applicable to the higerian granites which contain between 837' P114  98 

normative (Or Ab i ,te). The granites occupy the field occupied by 

comendites and comerelitic-trackeytes (Carmichael, 1962) and they trend 
toward the low temperature, low pressure (5°°48/c2  Pwater)  mi r14  scum 

in the system. There is soue scatter in the distribution of the 
amphibole-fayalite granites, nevertheless they do occupy a reasonably 

well-defined field. of composition. Remembering that such factors as 

hydrothermal alteration end. incorporation of xenoliths have contributed 
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to the compositions of these amphibole-fayalite granites (apart from 

the possible effects on the analyses of sampling errors), it is perhaps 

to be expected that the latter rocks will show a degree (.4f scatter when 

plotted in the ternary system. Tie-lines connect rocks from each. of 

two complexes, Liruei and :qua-Saleri, and it is evident that rocks from 

a particular complex may exhibit a certain (Degree of chemical homogeneity. 

she biotite and riebeckite aranites tend to diveres slightly towards the 

Ab-;its join, and as wane,  of thew have been affected by late alkali 

liquids this is not considered unusual; the anomalous position of the 

two albite-riebeckite granitee in particnler confirms that they have 

been partly albitised. 

3. 	It was mentioned in a previous section that the analyses of 

the albite-riebeckite granites cannot be matched with the analyses of 

various volcanic rocks and it was suggested, therefore, that these granites 

were not of magmatic origin. Similarly, it has not been established 

that all the other granitic rocks in the complexes have volcanic equivalents 

aru that they originated as liquids. Brown (1962) in discussing the 

origin of the Skye granophyres, has emphasised that among the more important 

criteria for deciding whether a granite originated as a liquid are (a) can 

the granite be chemically equated to a volcanic rock; (b) does the granite 

show chilled contacts with country rocks; (0) does the granite vein the 

country rocks. 

With regard to (a), a. number of analyses of rhyolite are given 

by Jacobson et. al. (1958) and these do not provide substantial evidence 

that all the granites have volcanic equivalents, as the analyses are 

more closely related to the riebeakite granites, and a few of the biotite 

granites, than to any others: 

Aormative couposition  
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(a) is a rhyolite with slight molecular excess of alkali over alumina 

from eaeji complex) 

(b) is a comenditic rhyolite from Liruei 

(e) is a late rhyolite from Kaleri complex 

(d) is the average of five riebeckite granites 

(a) is the average of five biotite granites 

(f) is the average of eleven amphibole granites 

Descriptions of the rhyolites from various complexes indicate 

that microcrystalline reyolites are infrequent; a great many of the 

rhyolites are spherulitic, the majority of them contain some phenocrysts, 

many are distinctly porphyritic, and xenocrysts are common in many of 

the vent—type rhyolites. The analyses mentioned above are of rhyolites 

containing phenocrysts and, as 13bwen (1928) has pointed out, although 

such porphyritic rocks can closely resemble the parent liquid, chemically, 

they may show a considerable divergence from the coeposition of any 

liquid. aowever, most rhyolites, pitchstones and pantellerites contain 

Some phenocrysts obsidians described by Carmichael, 1962, contain up to 

20% phenocrysts), and as it is customary to consider that the bulk 

composition of any of these rocks is close to the composition of the parent 

liquid, it can perhaps be assumed that the analyses of rhyolites from 

aigeria also represent the compositions of parent liquids. 

It is significant that in complexee belonging to the southern 

group, discussed r.eviously, in which the eranitic cycles were complicated 

eed in which there are representatives of all the granite types belonging 

to the Younger Granites, the volcanic cycles of activity were of comparatively 

minor importance and. there are no extensive occurrences of volcanic rocks 

iv these complexes. 

with regard to (b) and (c), there is evidence of marginal chilling 

of the various granite intrusions, both .eet one another ead against 

volcanic and basement rocks, but it is a130 common for the biotite and 

riebeckite granites to develop marginal eegmatities and pegmatitic knots 

(Jacobson et. al. 1958). in Liruei complex the rhyolite et the riebeckite— 

aegirine granite—riwolite contact is said to oave beer: recreetallised. In 

the Sara—Fier and. eankshin complex, 'earner (1961) has described areas of 
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mixed acid-basic rock where the mixing appears to have taken lace whilst 

both magmae were completely liquid, and these mixed rocks have been veined 

by later granite intrusions. Jacobson et. al. also give many instances 

of granite intrusions veining surrounding rocks. 

In can therefore be fairly assumed that a eumber of the granites 

could have originated as liquids and that others were in a semi-fluid 

state at time of intrusion; the high volatile and water content of the 

late intrusions of alkali-rich riebeckite granite no doubt helped to keep 

these intrusions (which may have been crystal "manes') in a near fluid 

state, even at low temperatures. 

4. The mechanism by which differentiation was initiated and 

proceeded. in the parent miaow of the Nigerian granites is unknown, and 

any postulated mecbanian must explain. (a) the production of alumina-rich 

and alkali-rich fractions to give biotite ant riebeckite granite respect-

ively; (b) the repeated production and intrusion of a particular magma 

type at different stages of a single granitic cycle of activity; (c) 

the reversals of, end variations in, intrusive sequences in various 

complexes, e.g. eiebeckite granite may be intruded before or after biotite 

granite. If it is assumed that there is not a. connexion between order 

of formation and order of intrusion of the various maematic fractions, 

then it is necessary to find a satisfactory method whereby fractions could 

be retained in a magma reservoir whilst later formed fractions were being 

intruded (as has been suggested by Butler et. al. 1962); considering the 

hieh volatile and water content of the riebeckite granites generally, 

it is elichtly difficult to accept that they would be retained in a magma 

chamber whilst less volatile fractions were intruded; (d) the manner in 

which a new cycle of eraaitic activity was initiated in any complex. 

5. Aesuming that the rocks in different complexes and in different 

granitic cycles were derived by normal maawatic processes frog chemically 

similar parent magmas, it should be possible to establish the chemical 

relationship between similar rock types in different complexes and between 

similar rock types in different granitic cycles in the same complex. If 

it is possible to correlate the compositions of similar rock tyres in 

teis way (and the compositions of their ferromagnesian minerals), then 
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it should. be  possible to establish a time sequence between intrusive 

phases in different complexes. 

6. It is necessary to explain the distribution of rock types and 
the different patterns of igneous activity in complexes of northern 

and southern tope. It _say he that these differences are explicable 

in terms of significant areal variation in composition of the parent 

magmas in the northern and southern parts of the Younger Granite Province. 

7. The final problem is to explain the origin of the parent magma 

of the granitic rocks. 

As a consideration of the type of activity found in various 

complexes might help in answering some of the foregoing problems, a 

number of individual complexes will be described in the following sections. 

The Sara-Fier and Pankshin Complex: 

The essential features of this complex have been elucidated 
by Turner (1961) and are shown in Map 2; there are five distinct centres 

of igneous activity which are believed by Turner to young to the south, 

although the presence of the Fankshin eyenite between Centres 4 and 5 

make it impossible to determine the relative age of Centre 5. In addition 

to the five centres of granitic activity there is a small area in the 

Sara Hills (occurring between rocks of Centres I and 2) where volcanic 

rocks are preserved, aril these rocks are thought to be older than the 
granites of Centres 1 and 2. Two other areas of interest are marked on 
Map 2; the Jivir valley area where there are fresh and altered basic 

(dolerites and diorites) and hybrid rocks, and tne Fier river area which 

also contains basic and hybrid rocks that have been partly metasomatised, 

but the basic rocks in this area are rerphyritic and non-porphyritic 
gabbros. The rocks in the Jivir volley and Fier river areas are considered 
by Turner  to be earlier than the granites of Centres 3 and 4. 

Magmatic activity in Centre 1 (the oldest of the Centres to 
the north of Pankshin) apparently began with intrusion of the Girim 
granite porphyry, followed by intrusioe of the Girim eornblende-biotite 

granite. ''or such an early intrusion the hornblende-biotite granite is 

unusually high in alkali relative to alumina (molecular proportions), and 

it is also low in iron and magnesia (Table 17, normative analyses reproduced 
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k)rmative mineralogy of rocks 

TABLE 17 

-Fier and Pankshin Complex in the Sara 

Qtz, Or. Ab. Ac. An. Wo. Di. iy. 01. 7t. IL Ai). 

Tokkos hornblende- 
biotite granite 30.73 28.10 38.60 - e_e 0.10 0. - - 0.63 0.16 0.W3 

;., 
4-' 	* Kumbul hornblende- 
(1) biotite granite 27.27 28.30 36.85 - 2.65 - 2.6 C0 1.06 0.38 0.11 

Kadun albite-biotite 
granite 32.85 27.45 36.85 1.92 - 0.66 07 - - 0.0,5 0.10 0.0 

Hornblende-pyroxene 
granite 20.64 32.70 40.94 - 0.16 - 2.80 L.0 - 1.20 0.38 0.11 

pi 
4-) 	. Sara amphibole 
(p granite 26.33 30.10 '8.70 1.16 - - 1.e6 0./id - O.i:.0 0.26 0.0(6 

Gonzi amphibole- 
biotite granite 29.64 30.75 36.05 - J3.70 - 1.74 - 0,07 0.32 0.05 

o pi 
'gr Girim hornblende- 

biotite granite 22.59 33.45 34.55 4.88 - - 3.88 0.21 - - 0.38 0.05 

2 . • Pyroxene-fayalite 
graxite 27.65 45.05 0.56 - - 3(1 - -JiT 0.24 0.05 

Pankstin syenite - 30.15 55.60 - - - 2 1.:?0 0.40 1. 0.72 0.7 
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by permission of Turner), but the petrographic description of this 

rock, by Turner, suggests that it has been sliently altered and albitised. 

Granitic activity in this Centre ended with the intrusion of biotite 

granite but no analysis of the rock is available. 

In Centre 2 the granitic cycle began with intrusion of an outer 

ring dyke of amphibole-pyroxene granite which is richer in alumina, iron 

and maenesia than the hornblende-biotite granite of Centre 1 (Table 17). 

The Sara amphibole granite which was intruded after the hornblende-pyroxene gran- 

ite, is richer than the latter in alkali relative to alumina, and is slightly 

poorer in lime, magnesia and iron, and appears to be definitely related in 

composition to the horeoleude-pyroxene granite. eowever, the granite is 

stated to be of variable mineralogy (Turner) anal_ it is probable that it 

varies in composition. intrusion of riebeckite granite followed that of 
the Sere amphibole granite out the former rock has not been analysed. The 
riebeckite granite is variable in grain size and there is a distinct small 
central area of fine-grained material which is not apparently a separate 

intrusion; the present author Las analysed the alkali amphiboles from the 
coarse (8.50, k.58) and fine-grained (R.57) varieties and there are alight 

variations in composition of the minerals (Table 9). The next intrusion 

in this Centre, accordieg to Turner, A the eonzi amphibole-biotite granite 

(shown on kap e) which forms a protuberance to the north of centre 3. 

Compositionally klabie 17) this rock is nut easily related to the other 

rocks of Centre 2, being nigh in normative anorthite„ but the rock is rich 

in xenoliths, some of which appear to have been partly assimilated, and 

tae composition of the rock aay be partly due to contamination. 

in Centre 3 the earliest intrusion is the Tokkos hornblende- 
biotite granite, the marginal lathes of which is line grained and which 

is believed to be eade up of a series of arceate dykes, and it is an 

aaalysie of the marginal facies tiea t is given in Table 17. in composition 

thie margiaal facies of the hornblende-biotite granite is low in mafeiesia 

and, apparently, alumina for it baba normative wollastonite, but it is 

doubtful ,nether the composition of this eareinal materiel is typical of 

the norublende-olotite granite as a whole. The composition of the following 

intrusion, the eumbul horublende-biotite granite, is fairly typical of 
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hornblende-biotite graeitem else sere, but the composition of the last 

intrusion in Centre 3, the Ladun albite-biotite granite, is distinctly 
unusual in that it contains normative acmite end wollastonite (.'able 17); 

there is in fact no other analysed rock from any of the other Younger 

Granite complexes that contains normative acmite with wollastonite. 

The contact between the itadue albite-biotite granite and the 

earliest of the two intrusions of Centre 4*  the Fier hornblende-biotite 

granite, is obscured but "Aireer considers the latter rock to be the younger. 

The other Intrusion in this Centre is a pyroxene-tayalite granite that 

occupies the central area. An analysis of the pyroxene-fayalitc granite 

Shows is to us low in alumina, relative to alkali, and ;',agnesia (Table 17); 

it contains a small amount of normative acmite and the albite content 

(45%) is exceptionally high, equalling those of the albite-riebeckite 

granites from trop and Liruei complexes, although the rock does not appear 

to Lave been albitised. too analysis of the icier hornblende-biotite ;granite 

is available but the author has aaelysed the amphibole and biotite (A.51 

and b.51) free what is thought wise a sample of this rock (the sample 

cornea from the vier river area where the relationships between acid, mixed 

and basic rocks are riot clear), and they are the most magnesium-rich 

meubera of their groups that the author teas anal;; seam. 

ao composition of the iankehin syenite shows it to be moderately 

rice in ale:nit/a, lime, alkali, euenesia and iron, and Turner concluded that 

it is relates Lo tae granitec and not to the hybrid rocks foued in the 

Fier river area. The mineral aaaemblage in tne syeeite; ferroaugite (Px.48), 

ealite, ampaibole .46), ana titaniferous eagnetite with wide exsolution 

lamellae of iimenite, point to a fairly high temperature origin for this 

rock and indicate that it is ae early differentiate, possibly related to 

tee granite mentioneu previously. 

centre coal:eine -three intrusions, the earliest of which was 

tee outer ring of biotite granite and this was followed by apparently 

almost aimultaneous intrusions of the Xula hornblende-biotite eranite (PB.45) 
and the Gate hornelende-fayalite granite (P!'.47), the inner contact of these 

two intrusions being gradational it places. On the basis of the composition 

of their ferromagnesiae minerals (B.45, A.45, A.47) which are relatively 



iron-enriched, it seems likely that the rocks of Centre 5 represent 

fairly late differentiates, Until analyses of the parent rocks are 

available it is rot possible to cameare the latter with the rocks of 

Centres 1 and 2. 

Sumeery: 

Early igneous activity in the Sara-Fier and Pankshin complex 

was located in three different areas and consisted of limited volcanicity 

in the Sara Hills, and minor intrusion of basic and acid magmas in the 

Jivir valley and Fier river areas. It is possible that the Pankshin 

eyenite was also emplaced during this early period of activity. 

The main granitic cycle started with the intrusion of rocks 

of Centre 1, followed by those of Centres 2 and 3. The age relations 

between centres 3 and 4 and between Centre 5 and the remaining centres, 

are not clear. The compositional trends in the rocks from various centres 

are difficult to understand.: an early intrusion in Centre 1 is extremely 

rich in acmite but the rock has been slightly albitised; the intrusions 

in Centre 2 show increasing enrichment in alkalis compared with alumina, 

and this culminated in the formation. of riebeckite granite. Follotling 

these intrusions were other intrusions of the Gonzi amehibole-biotite 

granite and en albite-biotite granite which occurs to the north of the 

former granite. The compositions of the Gonzi amphibole-biotite granite 

and the granites of Centre 3 are not simply related to those of rooks 

from Centres 1 and 2, and the former rocks show no systematic variations 

in composition which can be correlated with differentiation 'recesses 

in a homogeneous parent ere ma. in view of the field anr chemical evidence 

it seems probable that processes such as partial assimilation of xenoliths 

and mixing have contributed considerably to the compositions of the Gonzi 

amphibole-biotite granite and to the granites of Centre 3. The late intrusion 

of pyroxene-fayalite ,c;ranite in Centre 4 is unusually rich in normative 

albite compered with maw of the other granites. 

:a general the composition of the parent mnama of the rocks of 

the main granitic cycle in the Sera-Aer and Pankshin complex appears to 

have been moderately enriched in alkali relative to alumina in terms of 

molecular proportions) and act vere rich in magnesia and, sometimes, lime. 



Nixing, contamination and possibly some assimilation of basement rocks, 

may be the explanation of the slightly erratic variations in composition 

of same of the granites. 

Sha-Kaleri complex: 

The Sha-Kaleri comalex (Kap 3) is in the south of the Younger 

Granite Province and consists of three partly superimposed cycles of 

activity, the age relations of which are unknown, although Jacobson et. al. 

(1958) suggest that the complicated Kaleri cycle initiated intrusive 

activity. 'hLe three cycles of activity were: Monguna, which consists 

of two intrusions of granite; Tof, which consists of four intrusions of 

basic, acid and hybrid rocks; and Kaleri, that consists of early volcanics 

and a large number of crescentically shaped granite intrusions. 

Intrusion in the Kaleri cycle began with the Mbar granite porphyry 

which contains hornblende, biotite and remnants of fayalite, and this 

was followed by the Sha-Pitti biotite granite that apparently contains 

a plagioclase of slightiy.  more casic composition than is usual in the 

granites (Ab82Anits). Further intrusions of biotite and fayalite granite 

followed, including that of the Barg,esti biotite granite; an analysis of 

this rock (Table 18) shows it to be fairly low in calcium and magnesium 

and it contains normative corundum. The Mbul series of intrusions that 

apparently occur along a single ring fracture, must represent a slightly 

different phase of magmatic activity for the sequence of intrusion of 

the rocks is: microgabbro, quartz-syenite, hornblende-fayalite granite 

(melanic phase of hornblende-biotite granite), hornblende-biotite granite 

and biotite microgranite, and the contact between the syenite and the 

hornblende-fayalite granite (PB.38) is gradational. Analyses of the quartz-

syenite and the hornblende-fayalite granite are given in Table 18 and it 

is obvious that they are closely related; the hornblende-fayalite granite 

is almost transitional between syenite and the more normal granites in the 

Younger Granite complexes and in this respect it resembles a pyroxene-

hornblende microgranite that is found near Centre 5 in the Sara-Fier complex, 

which Turner (1961) believes is transitional between the Pankshin syenite 

and the normal granites. The Mbul quartz-syenite and nornblende-fayalite 

granite axe much richer in lime and magnesia than the Pankshin rocks, but 
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lormative mineralogy 

TABLE 18 

La -Xeleri Complex of rocks in the 

11.37 PB.38 
Mbul Botom arfvedsonite Mbul hornblende Barresh biotifk 

sartz-syenite granite fayalite granite 
,r-IniLe 

Qtz. 14.31 27.39 18.87 35.5 
Or. 21.68 28.36 28.64 30.02 
pb. 34.06 35.27 35.42 30.18 

- 2.96 - - 
An. 6.45 - 3.58 1.05 
)i. 6.00 1.84 7. 	: 

0.24 iy. 
 

1.66 2.97 0.55 
It. 3.02 1.21 1.34 1.23 
Il. 2.74 0.52 1.03 0.16 
Ap. 1.27 - 0.41 _ 

C- - . 
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the former rocks both enclose partly assimilated xenoliths of the 

microgabbro and the resulting contamination must have affected their 

composition. The amphibole (A.38) from the hornblende-fayalite granite 

has en iron:magnesia ratio of 78 (Table 16) and is slightly more enriched 

in magnesia than all the amphiboles analysed by the author, with the 

exception of A.51. The Hotum arfvedsonite granite (iB.37) is a slightly 

later intrusion in the complex containing many xenoliths; the analysis 

is given in Table 18 and it shows the rock to be enriched in alkali and 

considerably poorer in lime and maanesia than the Mbul intrusions. iron 

enrichment is near a maximum it, the amphibole of this granite and it 

is a calcium-rich arfvedsonite (A.37). Granitic activity ended in the 

Kaleri cycle with intrusion of biotite granite. 

Very little is known of the composition of the rocks intruded 

in the early phases of granitic activity in the Kaleri cycle (the early 

phases being considered by the author to include the granites, emplaced 

prior to the Mbul series of intrusions), and it is also uncertain whether 

the Mbul intrusions are genetically related to the later emplaced granites 

in the comelex. The maximum enrichment in alkalis relative to alumina, 

in the aaleri granites, is shown by the Hotum arfvedsonite granite, and 

it seems probable that the parent magma of the Kaleri granites was 

relatively more "bauica than the parent magmas in other complexes, for 

it produced no highly alkaline residual magmas. In view of the very 

complicated nature of the cycles of activity in the Sha-Kaleri complex, 

it is obviously desirable to analyse more of the granites intruded prior 

to the Mbul series in order to determine the degree of variation in, 

and the relationships between, the early and late intrusions in the complex. 

Amo and Buil. complexes: 

Buji massif lies to the north-west of Jos-Bakuru and consists 

of Buji complex in the east, composed of volcanic and granitic rocks, 

and Amo complex in the west, formed solely of granitic rocks (Map 4). 

'?here is slight central overlap of the two complexes and in each complex 

there is evidence of a westerly shift of the centre of magaatic activity 

activity during the granitic cycles. 

AMC) complex: 
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Granitic activity began in the comelex with intrusion of 
narrow rine cyke of eranite porphyry that forme the outermost intrusion 
in the north west, 611(1 this wax followed by intrusion of riebeckite-biotite 
granite. 'iee mineralogical variation in this riebeckite-biotite grnnite 
indicates that it is a composite body; near the outer contact the granite 
is rich in alkali amphibole (R.30) and eatrophyllite, with very little 
oiotite present, but the percentaee of biotite increfteee toward the kareer 
contact where amphibole and biotite (a.29) are present in approximately 
eeual proportions, and astrophyllite is absent. The aa1yeit of the 
amphibole (Table 9) shows it it rich in alkali with a Cass alkali ratio 
of 5, and the biotite from the inner contact is near annite in coepositiee, 
and it contains little alumina (able 13). Table 19 gives the composition 
of 	parent rock and it is clear that the intrusion is poor in lime and 
magnesia and has a deficiency of alumina relative to alkalis. The deficiency 
ire elumeme is no doubt the cause ef the low aluzine content of the eiotite. 
It is of interest that the analyses of riebeckite-biotite granites from 
the Youeger erenite rovince, elven by Jacobson et. al. (195B), reveal 
that they contain lees normative acmite than other riebeckite granites 
and it teems probable that there was a critical ratio of elkali:alumina 
(molocularretio) that determinee whether or not biotite could form with 
alkali amphibole in the riebeckite granites; but it is not clear whether 
tie same critical ratio determinee whether or not biotite or riebockite 
eImeite would form from the parent magma (as wee auggeeted by Jacobson et. 
al. ) . ilornblende-biotite granite formed the next intruoion and although there 
is no anelyzie of the rock, the enalysie of the biotite (.3.87) ahows that 
it is enriched in iron, relative to eeeneeia, and it has a normal alumina 
content. Several intrusions of biotite erarite followed that of the 
hornblende-biotite ersnite, and the anal, son of an early one, Teria biotite 
granite, and a. later one, Rough Ewe biotite granite, are given in Table 19, 
The Teria biotite eranite is richer in alumina, lime, maenesia and iron, 
tean the later ough ewe biotite granite and it is probable that the series 
of biotite :1-al;ites intrudec during this period neow a systematic variation 
in composition. eear the end of the eranitic cycle there was intrusion of a 
of a very small body of elbite-riebeckite granite (U3.79) but the eranite 
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TABLE 19 

Complex of rocks in the Amo 

P1429 and PD.30 
Rieoeck1te—biotit6,, 

granite 
Teria biotite 
granite 

Rough &Lao- 
biotite granitc: 

'.' 	,. 35.25 28.45 33.59 

25.30 29.F6 27.86 

. 33.90 31.28 27.86 

Ac. 1.06  

4.03 0.17 

Di. 0.94 1.57 0.60 

Hy. 1.02 2.86 0.71 

.. 0.15 0.60 0,  

. 0.12 0.60 (J.11; 



has not been analysed. 

Buji complex: 

The eastern half of Buji complex consists of rocks belonging 

to the volcanic cycle of activity; early vent and late intrusion rhyolites, 

ant:, intrusions of porphyry that are similar petrographically to the late 

rhyolites (and are also similar to the early porphyries in the Liruei 

complex). An analysis of an early vent rnyolite (given by Jacobson et. al.) 

indicates that, as in the examples of rhyolites in hiruei complex, the 

rhyolite from auji resembles the riebeceite granites in composition, 

being low in lime and magnesia and containing a slight. molecular excess of 

alkalis over alumina. The granitic cycle in the Buji complex is extremely 

ample and consists of an early minor intrusion of aegirine microgranite, 

which was followed by emplacement of an extensive body of biotite granite; 

the final Sntrussion was of albite-riebeckite-aegirine granite (PB.92). 

ao analyses of the granitic rocks in this comslex are available, but the 

composition of the aegirine (Ag.92) and amphibole (11.92) from the albite-

riebeckite-aegirine granite indicate that they formed from a magma that 

was considerably enriched in alkali relative to alumina. 

Summary: 

There ere small but interesting differences in the cycles of 

activity in Buji and Amo complexes. in $uji complex, which is considered 

to be the earlier of the two complexes (Jacobson et. al.), an early 

period of volcanicity has resulted in formation of extrusive and intrusive 

rocks that petrographically and chemically appear to be similar to those 

in Liruei complex (to be discussed later). The granitic cycle of auji 

is also similar to that developed in hiruei, being restricted to a small 

number of intrusions. In contrast the Amo complex has no volcanic 

reeresentatives and the granitic cycle consisted predominantly of intrusions 

of biotite or hornblende-biotite granite. The parent magma of these latter 

granites was prosumably more alumina-rich titan the parent magma of the 

Buji granites, but the high iron content of the biotites (S.29 and B.87) 

from early intrusions of Amo complex suggest that the parent magma was also 

depleted in magnesia. 

Liruei complex:  
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In contrast to the complexes previously described, a great 

part of the Liruei complex is composed of rocks belonging to the early 

volcanic cycle: rhyolites and tuffs, minor intrusions of basic rock, 

end a late intrusion of quartz-pyromene-fayalite porphyry (:13.13). 

The rhyolites in this complex are mainly of vent-type and 

compositionally they resemble the riebeckite granites, having low 

lime, alumina and magnesia, end the comenditic reyolite from Liruei 

is rich in normative acmite, with e little ns. The composition of the 

quartz-pyroxene-fayalite porphyry (PB.13), which contains the intermediate 

amphibole A.13, is more alkaline than that of early intrusions of porphyry 

from many other complexes end it contains normative acmite (Table 20). 

P.B. 6, the amphibole-fayalite porphyry which is the earliest intrusion 

in the granitic cycle, has a slightly greater molecular excess of alkali 

over alumina than el3.13 and it is deviously related in comrosition to the 
latter porphyry. Ph. 6 and the late intrusion of notum arivedsonite granite 

from Sha-Kaleri are closely alike in composition and they contain somewhat 

similar amphiboles. The intrusion of biotite granite that followed the 

Porphyry contains less lime, magnesia and iron than the porphyry, but 

it also has an excess of alumina over alkali and lime and contains 

normative corundum (Table 20). P8.20, the aegirine-riebeceite granite 

that followed the biotite eremite intrusion, has a composition that 

closely corresponds to the trend in the porpayries and it shows a further 

in molecular content of alkali relative to alumina. The last intrusion 

in the granitic cycle is the eaffo albite-riebeckite granite which occupies 

a snail area in the east of the complex. The composition of this granite 

(Table 20) has undoubtedly been completely altered by the albitieetion 

that it has suffered and it contains a high percentage of normative ab, 

ac and ns; the composition of the rock is reflected in the composition 

of the alkali-rich amphibole that it contaias O.. 3). 
The overall trend in the rocks of the Liruei complex is syseematic 

(ignoring the albite-riebeckite granite) and there are decreases in lime, 

magnesia and iron with successive intrusions, but it is still not clear 

what mechanism controlled the production of the biotite granite, with its 

excess of alumina over alkali and lime, in the middle of the cycle. An 



MAP 5 
A. 

Granite cycle  
10. Albite, - r,eoe,:itite 	5ra ,7ite 
9 	RiebecK,te - aeyirine 	" 
8 	 rnicro9ra.nite 
7. 	Firle - 9ra,ned 6,- ol-tte granite 
6. Mecii,..4..-1-9L-ained bioette 9isanite 

5. 	1.1 ,v/1 ,  bo id - laya, Ziet yrani te por r-thypay 

Volcanic cycle  
6as it rocAs 

3- Q.-hart-3- ryroxene ,cayatite por ilhyry 
1-2. Rh yo trees arid taiis 

4 miles 
A 13 

Liruei Complex 

(Alter Tacobso ,, et al 1958) 



Wormative 

TABLE 20 

Liruei Complex mineralogy of rock 	in the 
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P.B.13 ?B. 6 

Biotite 
,:ranite 
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Quartz—fayalite 
hedenbergite 

porphyry 
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fayalite 
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Aegirine 
riebeckitc 
granite 
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riebeckite 
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interesting feature of the rocks and minerals of Liruei complex is 

their high content of Y and Li and, in the case of the albite-riebeckite 

granite, gin. 

1inerale and rocks from other complexes: 

A number of analyses of minerals and rocks from other complexes 

can be briefly mentioned: 

nomelex: (nee location Map 1) 

The Pep complex is situated just to the north of Sha-Kaleri 

complex, and its structure has been determined by a series of polygonal 

shaped. fractures that enclose basement rocks, older granites, and the 

volcanics and granitic rocks of the Younger Granite cycle. 

Early intrusive activity in the complex coneisted of emplacement 

of various porphyries, followed by intrusion of two biotite granites, of 

which the Gana biotite granite is the later. The Gana biotite granite 

contains a molecular excess of alumina over alkali, but only moderate 

amounts of lime, iron and magnesia, ::ed the following intrusion, the 

aikka-flakwai albite-biotite granite, is further depleted in. lime, magnesia 

and iron. The later intrusions, Butra riebeckite granite and rurowa 

albite-riebeckite granite, show further decreases in lime and considerable 

increases in molecular content of alkali relative to alumina. The Ruku 

riebeckite granite porphyry that followed the Durowa albite-riebeckite 

granite is richer than the latter in alumina relative to alkali and slightly 

richer in iron (the composition of the Durowa granite has been affected 

by albitisation), and the late intrusion of Yelwa hornblende-fayalite 

granite (a rock that is highly variable in texture, mineralogy and 

content of xenoliths) is relatively enriched in lime, magnesia and iron, 

and also nas a molecular excess of alumina over alkali (Table 21). There 

are too late intrusions of granite porphyry and biotite granite in this 

complex but no analyses are available. 

ihe general chemical trend in the rocks from the complex 

suggest; that the Yelea hornblende-fayalite granite initiated a new short 
phase of granite intrusion in this complex. 

Vom. higom wig), Jos-Bukuru and Shere bill s: 

Jos-Bukuru, Veal, Kigam hills (Forming the north-west tip of 
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.;cillte albite- rioocokite- albite- riebeakite amphibole- 
biotite biotite biotite rietvekite 16ranite fayalite 
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ctz 	32.36 34.01 52.18 19.81 33.92 24.24 
or 	27.52 26.19 26.80 26.03 26.24 30.30 
Ab 	34.32 36.78 55.74 44.22 35.16 35.27 
An 	2.39 - - . - 1.33 
Ac 	- .- 0483 4.(1 1.85 - 
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Di 	0.60 - 2.49 o.71 3.30 
1.25 0.91 1.48 - 1.59 3.13. 

Vit 	0.45 C.61 0.90 u.23 1.64 
11 	0.15 - 0.15 - 0.30 0.58 
C 	- 0.09 - - - 



V001, and Were 	in the north-east of Joe-dukuru, are situated 
close toeether in the Jos Plateau area (bee location stp 1), and 

mineralogically the rocks in these vnrious complexes show some similarities. 
In the JosePukuru complex early eranite porpeyriee were followed 

4 a hornelende-biotite granite U11,96); chemically the rock is similar 
in compositioa to the :;ana biotite granite from Hop, although it is a 
little richer in eagneeie on iron than the latter, The mmahibole from 
the rock (A.96) ire very enriched in iron (Table 16) when compered with 
the amphiboles from hornblende-biotite granites in 5ara-Yier comelex, 
A series of biotite granites followed the early hornblende-biotite intrusion 
end in this respect the granitic cycle in 4na uuru resemtlee that of 
AMO complex. 

The Shere cycle of activity that formed the granites of the 

Mere Arno in the north-east of Jos-leikuru (hornblendv-nyalite granite 

riebecktte graeitee 11%64 and Pb.65, and albite-riebeckite granite 

1,11.63), is believed to have etarted eid-whj throufh tne Joe-eukuru cycle 

(Jacobson et. nl. 1)58) but there Is uo definite evidence for thie. 

1he amphibole (t./1) from the hornblende-fayalite granite that initiated 
the Shere cycle is, like A.96, more iron-euricned thaL the emphinole 

from hornblende-biotite or hornblende-fayaiite granite in either the 
Keleri or '3ern-iiier complexes. In the rieoeckite Granites (1.64 and 
113.65) the amphiboles are eliently more enriched in alkeli then those 
from Sark-Pier, hut the amphibole from the albite-riebeckite granite 
(P.8.63) is leas enriched in al4eli thee amphiboles that come from other 
albite-riebeckite granite° (able 16). 

An early hornblenne-biotite granite ck1i.97) from the iA4navuri 

?ills (Vas) contaies a slightly sore iron-enriched amphibole (A.97) than 

i,96 from Jos-Aikuru, and the elbite-riet:eckite granite (Fb.65) from 

the A-gemiille in tit uorth-west corset of ieom, coetaine a slightly 

more alkali-enricher emphibole than the albite-riebeckite granite fro 

here ille (reable 16)„ 

Generel surleary 

From the previous descriptions of various complexes it is now 

possible to make a summery of variations in the pattern of igneous 



activity in the Youeger Granite Province. It should be remembered that 
there ie still insufficient information about the compositions of rocks 
and minerals to allow a detailed intereretation of eventc in particular 
complexen, and this: summary is necessarily generalised and simplified. 

Shaekeleri complex (which includes of and Monguna complexes) 
contains minor quantities of volcanic and basic rock, but it has a larger 
percentage of amphibole-fayalite granite then eey other complex in the 

Proeince; the parent mom (the nature of which will be diecuseed later) 
appears to have been comparatively rich in iron, megnesia, lime and 

alumina, ead biotite end hornblende-biotite granitee predoeinate in the 

granitic cycle. A moderate ee(;rce of enrichment its alkali relative to 
alumina is shown in the late eotum arfvedeonite granite, but no alkali-
rich residual eateries are reereeented in the rocks of the Sha-Krleri 

co-melee. 
In the Sera-eiler and eankshin complex, early igneoun activity 

produce C basic and granitic rocks, of which the latter may be similar in 

comeosition to those cif aha-aeleri (aa it in possible that the relatively 
mageesia-rich amphibole .51 and biotite B.51 come from an early granite). 

The eulk of the granites In the five centres of the complex appear to 

be more alkali-rich then those of ha-galeri, but the veriatione in 
coepoeition in twee ef the eranitee of Sara-Fier are slightly erratta. 
The rieecckite rani es in. the Sara-Fier complex contain alkali amphiboles 
wiCi a lower ealciee content than aces the dotum arfvedsonite granite 

from ealeri. 
Thu parent mecum of the early granites in Roe complee Vas obviously 

poor in line, eagnesie and alumina, for apale; fro an early biotite granite, 
a 41iccesation of viebeckite-biotite, albiteeriebeckite and riebeekite granites 
were p:oduced. eowever, toward the end of the eop granitic cycle here 
was intrusion of a lime, meeneeia and iron rich eephibole-fayalite porphyry. 

in the Joe plateau area the parent eagma that produced the :granites 

of oe-buicaru, yarn, allot pOsilii614 jaraWal  appears to have been enriched in 
alumina releeive to alkali, as hornblende-biotite and biotite granites form 
tam ereat bulk of these complexes, but it is also probable that the parent 

waa low in magnesia for the amphiboles from early intrueions in this 
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area are iron rich. Minor quantities of alkali-rich residual meanie 

were intruded as riebeckite granites in Shore Hills and Kigom Hills 

and the alkali amphiboles in these granites show increases in alkali 

content compared with those from Sara-Fier. 

The aaji massif slightly to the north-west of Joe—Jukuru consists 

of the two complexes, Amo and Bug. In the Buji complex the cycle of 

volcanic-granitic activity resembles that in Liruei complex further to 

the north, and the parent megma only produced two major aranite intrusions . 

of biotite and albite-riebeckite granite; the alkali. amrhibole and aegirine 

from the latter ernnite are both extremely rich in alkalis. In Amo complex 

the granite cycle hes been similar to that in JosePukuru with intrusion of 

a large number of biotite and hornblende-biotite granites. The biotites 

from granites in the Amo complex are approaching annite in composition, 

and it is probable that the parent 'sgea was slightly poorer it magnesia 

than the parent magma of the Jos-Pukeru granites. A negligible quantity 

of alkali-rich residual pegmatitic liquid in the Amo complex produced 

the albite-riebeckite granite. The relationship between the rocks of the 

Amo and Buji complexes is not clear; either the different rock types 

in the two complexes were formed from different parent eaomas, or it 

must be assumed that the original parent magme split into alumina-rich 

and alkali-rich. fractiens, that differentiated to give the two different 

series of rocks. 

Liruei complex, which is the most northerly of those discuosed, 

contains a high proportion of volcanic rocks, a few of which are chemically 

similar to riebeckite granites. The parent magma wee apparently alkali- 

rich, and iron, lime and maenesia poor, and. the granites formed from this 

parent became increasingly alkaline. 

CONCLUSIONS: 

It is not possible to come to definite conclusions about, or 

to offer final answers to, many of the problems of the evolution of 

the Younger Granite complexes, enumerated previously by the author, but 

a number of comments about these problems can be made. 

1. There is no evidence that the great bulk of the granitic rocks in 

the Younaer nrnnite province have been formed by differentiation from a 



e 

basic magma. The fact net there are all quantities of basic rock 

in various complexes in the Province is not considered to be significant 

in this connexion; it is obvious that minor amounts of basic magma were 

present in eagle chambers throughout the Province and this basic magma 

was intruded sporadically, and sometimes simultaneously with the acid 

magma. 

2. 	In any series of granitic rocks which rave a smell ranre of 

chemical composition and which lie near the ternary minimum in the system 

Ab e Ur - Quartz, it is obviously difficult to decide which, if any, of 

the granites represents the parent magma from which other members of the 

granite series were derived; it is even more difficult to do this when the 

granites are, as in the ibueeer Granite complexes, often xenolithic and. 

have been subjected to verying deereea of postemagmatic alteration. 

Jacobson et. al. (195C) suggested that the early intrusions 

oi' amphibole-fay-elite granite and porphyry represent the parent maema of 

the eieerian granites and Butler et. al. (1962) have suggested the genetic 

sequence amphibole-fayalite granite---e amphibole-biotite granite----ebiotite 

granite, and these authors thine there is also eeidence for the sequence 

biotite granite 	aleeeckite granite. If this genetic sequence does represent 

the course of differentiation in the eigerian granites it should be possible 

to estimate the amount and nature of the material that was subtracted from 

the liquid at each stage of differentiation in order to obtain the next 

member of the series, it is necessary therefore to show ,hat material, and 

how much, could be subtracted from (a) the eaphibole-fayalite granite to 
produce amphibole...biotite grandte, and (b) from the amphibole-biotite granite 

to produce biotite granite. 

In Fig. 22(a) the avertee veiues of Lhe main components of the 

three ranitic types, amphibole-fayalite, amphibole-biotite and biotite 
granite, have been plotted against their silica contents, and it will be 
noted that the variations are not Quite lieear, in order to decide what 
material could be subtracted from the amphibole-fayalite granite to give 

amphibole-biotite granite it is necessary to extrap.latc one of the components 

back to zero content but this is obviously impracticable in the case of the 

major oxides; for this reason the average ib values for the three granitic 
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types haw also been plotted on Fig. 22(a) an b content decreases from 

biotite granite through ampnitole-fayalite kxanito (atler et. al. 1962), 

and this trace competent hes been extrapelated back to zero. 

The lb content falls to glare et 	ilica value of 49 and this 

vela repreeente the silica content of the ;,.est easic solid material that 
could be subtracted from the ampbibele-fayallte granite to produce amphibole-
biotite crentee; ty calculation apixoximately 13.5- of the amphibole-
fayelite granite vault nave to be subtracted in this way. The normative 
composition of the suotrecten 'Isterici in: orthoclase 23.6-, albite 20.5X, 
acmite 14 and maguetite. aa all the iron i.as bemn calc4lated ae ferric 
iron the amount ox machetite nubtracteo cannot be determined and similarly 
the eunite content may iv too nighi heeertlielece the a,,, tructed zaterial 
would Consist of eleali felapar, pyrosone (probably of aodic-ferroaucite 

or hedenbergite type and 	Zlubtractiwi 	z:,.u,tralh of this type 
free, the amphibole-fuyalite parent magma la order to Ow azphiOole-biotite 
graaite was obviously ?zot woolly Improbable ua them m4herala are the same 
type as theme that are preeent in the amphibole-fwallte &L‘e.:41tes and 
pornhyriee. 

it remains to calculate Vn* ooeipoeltioh of the .aterial that could 
be subtracteo from tne amp/Abele-biotite craaite in order to produce the 
biotite granites. 	22(e) ahowe that if the curve (or a) is extrapolated 
back to :.'ero content through the averace value ior biotite and amphibole- 
eiotite 	tee Mott WOW: watUrifil that can DV mibtrEcted from the 

latter ,i,ruhite t give aiotite 6raialte has a silica content of 73.5: and the 
general coapositiou of the auhtructed 	erini ia nel„teen the average 
compositions of Lae amphibole-tayelite eno ampnibole-taotite eremites. 45
of the ukiphibole-biottto trite eoule nave to Le aubtractcd in this way 
La order to produce biotite kranito. 

The total *reel amount iCletite granite 	taa Munger Granite 

complexee is approximately 1400 aq. milca; haz-umini; that the granite 

extend ovuwarta for at. Iellet a 4ie ten the yoluze of biotite cranite 

as et least MOO cu. adieu. lo otiteln 14tX, cu. ail.* of biotite granite 

from artphibole-biotite granite would have roqaired an original volume of 

254,-,, cu. TAle,t-i of the latter (me 49'; of the axphibc10-biotite granite had 
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to oe eubtrecteu to produce biotite granite. ehe eroduction cf 254C 

Cu. eiles of amphibole-biotite granite woulo have necessitatee an orieinal 

volume of 332E cu. miles of tee amphihole-fayalite parent magma (as le.ee 
of tne latter had to be oubtraeted to produce aitehieole-biotite granite). 
eeeae are all minimum figures which :teeus . complete fractionation and 
ignore the fact that the figures would eave to be iecreased considerably 
if it is shown that rieeecidte granites could to derived from the biotite 
granitee. 

it ie of course Feasible that the biotite eranitee wore foreed 
directly from the amphibole-fayalite parent kAfela by subtraction of solid 
material without the prelieinaey formetion of amphibole-biotite granite 
Ythere are very few intrusions of amphibole-biotite gran ate in the Younger 
eranite complexea eked teey are extremely limited in areal extent). Fig. 2•2(b) 
:shows the composition of the materlal that would have had to be aebtracted 
from the amehibole-fayalite granite in order to form biotite granite (again 
using the zero :q.) content to indicate the cameo:sitter of the subtracted 
material). The cumpositioe of tee subtracted material: 67.5 silica, 

see':  magnesia, i.5 lime. 4.L :soda, 5.2 potash end. 6.7e total ferric iron, 
is not unlike some of the eietern jpper Layered eeriea of syenites from the 
eungeut ejeld alkali intrusion Upton, leee); minerelogically the auetrscted 
materiel would consist of euartz, alkali felepeee meguetite. pyroxcne and 
olivine (the amounts of the latter three minerals would depend on the Fe":Yew 
ratio). Approximately.  4(I of the aephibolo-fayalite granite woule nave to 
be subtrectee to form biotite rraoite i.e. 2400 Cu. miles of parent magma 
would have fractioLa ee to give ca. lee e cu. miles of syeaitic eaterial 
ane 14eC,  cu. miles of biotite granite. 

,t can be concluded therefore that theoretic:el...44 it is possible 
to have obtained amphibole-biotite and biotite granites by crystal fraction-
ation of an amphibole-tnealite graaite type oleazent magma. ewo factors 
make it difficult to accept the postulated means of obtaining tee widespread 
biotite eranites and tees° are Vi tt) tee very laree original volume of amphibole-
feyalite parent mama that would have,  been required suegest that there 
should ee a larger percentage of amphibole-teyalite eranite present in the 
eo.uneer Granite complexes thee there actually is unless frectioeation of 
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the parent magxa was slow and !Ad been almost completed before inLrusion 
of the granites commenced); (b) tee very lerge volume of material thet 
would nave had to ee subtracted from the parent magma (wfiether of nephibole-
feyalite or aaphibole-eiotite gra/lite type) in order to produce biotite 
granite, eugeeate that there should be some evidence of this materiel 
having been subtracted i.e. there should be intrusione of the subtracted 
material, es it very 'early equalled Lam biotite granite in volume, but 
there is eo such evidence. In connexion with the problem of the derivation 

of the biotite eranitee, it was mentioned previously by the author that 

turuer (1961) had suggested teat the biotite erazitee were largely 

reconstituted melts; teat teey nee been trees: formed into biotite granites 

under tne action of volntilee (maey biotite eranitee eohtain fluorite 

and have repleceeent texteees). Assuaing that such it process of extencive 

alteration would be a eest-maimatic one, it seems ?madly likely that it 

would be restricted to a selective and complete transformation of large 

volumes of certaie erteite types to biotite graeite; such volatile activity 

would eurely have included partial reooLetitution or variouo granites, and 

a considerable alteration of voloeniee and basement rocks, and of the 
more alkaline erseites. ;nere is little evidence of ,.he latter eype of 

exeeneive alteration of other rocks (allowing for the fact that many of 

itie elwaites in the troviece have been subjected to a mild degree of 
eyeroteormel alteration), arcs patrograeeically the biotite 1,1anites the, -

selveo give little imicatioe that they originated ie this way; their 
teetures are generally eimilar to thou* of other granite: in the = rovince 
end appear to be normal igneous textures. Although it is pops ble that a 
steal proportion of the biotite granites were formed in this wey„ until 

eore subotential evidence 18 -resented it must be ccueludee that the 
eueeestion teat a large propertioe of the biotite rraneteu urigieated 
by reconstitution of other granites by means of the action of voletiles, 
is unproven. 

3. 	It 1186 already been pointer out by the author that there is no 

definite;.roof tnat ail the greatest found in the complexes orieteated 

as liquids. The few enelyet:e of rnyalite that are available are of rhyolites 

trot cceeoeitionally reseetle riebeekite eranttes or, in ofm exaarle, biotite 



granite. 
4. 	The processee of eifferentiatioa in the pareet :enema of tee 
granitee whereby 	a eolecular excese of alkali over alumina was produced 
in the resieual magmae which allowed the formation of riebectito granites 
containing noreative ac or sa.; (b repeated intrusioe of biotite and 
hornblende—biotite granite; and (c) variations in ietrueive sequence were 
possible, etill eeed to be explained. 

in connexion with (a), the late intrusions of riebeckite granite 
from the toueeer erenite complexes ere characterised ty having a melecular 
excess of alkali ever alumina an they contaee nermative acmite ann, eometieee, 
AliCitIM silicate. The excess of alkali .1s not due to a particularly high 
soda content (the riebeckite granitee coutsin an avemEe of 4.5:: sods) 
but to a low alumina content (averase 11.2). If these granites were 
derived by eifferentietion from the etotite granites then it la eveential 
to postulate A mecnanise by eoae* of each alumina was eebtracted from, 
and alkali acousulated in, the at from which the riebeckite r-anitee 
were formed. 

earmiceael and Maceentie (1963) have discusaed the way in we oh 
a molecular exceee of soda could ee developed in a trachytic lieuic, tv.rd 
so lead to the formation of peutellerAea which contain normative aceium 
ailicete. Thee authors sugeent that the "plagioclase effect" (firet put 
forward. by owen, 1945, in diecuesine leie formation of sodium eilicete 
from mixturee in the plane albitteeteepnelireeteeellastonite) mieht be a 
oultble 1441103 of produeiee a molecular exceee of soda ever alumina, ;1^ in 
a liquid, of the type discussed by eowen, contaeniee calcium, the calcium 
eoes preferentially into the felspar (instead of going into a ferromagnesian 
mineral or accumulating in the liquid, and thereby prevents the formation 

of pure albite, then the residual liquid will eecome slightly enriched in 
soda relative to alumina; this is termed the "plagiocleee effect". Carmichael 

are eackenxie also stateest that once aothum silicate i3 present in tee liquid 

the "plagioclase effect" may no longer be operative, end that the calcium 

present will be incorporated in a en-lc/um—rich pyroxeae. 

If a molecular excess of soda over the amcuut of .Lomilla. neettry 

to form albite was eroduced in the eigerian riebeckite erenitea by eeans 
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of the "plegioclaee effect" then it ought to be possible to show teat in 
biotete granites which do .at contain normative enortnite, there is a lime 
bearing elagioclase preeent. 

The biotite ereeite from eiruei (,table 20) coetaine no normative 
anorthite, but Jacobson et. al. (195e) give the composition of the late 
plagioclase grains, test rim the perthitic alkali feleper, it this granite 
tte eb,oAnio, i.e. the calcium has been preferentially teeet into the fels_ ar. 
ln the riebeceite-segirine grunite (PB.2t) frem Liruei, which was intruded 
after the biotite granite there is a. molecular excess of alkali over 
alumina and tee granite contains normative acmite. he plagioclase in 
the rock has a composition of eb,5An5  indicatine ft very low calcium content, 
but the aegirine (A .20) and the alkali amphibole (Rafe) from i.26 contain 
14% 0a0 end 2.4 Cat) respectively; this may mean that even in wales 
where the molecular emcees of alkali over alumina wee maell and the reou/tine 
rock does not Contain normative sodium silicate, the celcium eves prefer- 
entially into a ferromeenesien 

he evidence eiven ey two granites ii tmivince that couteins 
e very large number of biotite end riebeckite granites is hardly enough 
to say decisively that the riebeceite granites of Nigeria were produced 
from the biotite erenite type of parent WM8 b operetion of the 'plaeioclase 

effect", but the latter caul() unitC been the meaty wherebe at least a few 

of the riebeci.lite eranitey were produced. 

n re, and to (b o  conelder the sequences in the Jos-iAikuru-- 

here Lille, and 	complexes (from eacobeon et. al. 1958): 

Joe-Bakuru  
Late fran,ite c/c4 

15. Sabon :;iota 11 bioeiee-erenite 
14. Sabon .4ds 1 eiotite-ermeite 
13. Bukuxu biotite granite 
12. :then amphibele-faealite remit, 

and granite porphyry 
Snore qisig 

11. elbite-riebeceiee grauite 
10. Riebeckite e/mnite 
9. kephibole-fayslite granite 

14Y Fora: Uto cielp  
8. Kuru biotite eranite 

4 - 7 Aotite iyenites 
3. Neil's Valley emphibole-eiotitc 

granite and porphyry 
1 and 2. vOloinics  

rop complex  
:ongor eranite porphyry 

13. Kaskara biotite granite 
12. •Ilva granite porphyry 
II. huku riebeckite-biotite 

granite z  orphyry 
10. Durowu albite-riebeckite emelt* 
9. Nitre riebeckite granite 
B. 	astaa albite-biotite granite 
7. 3ukke akwai biotite granite 
E. Gana biutite granite 
5. ewop 'oiotitc granite 
4. 	.rani to porphyry 

1, 2, and 3. eoces of th,!, volcanic 
cycle 



The actual ace of the :here cycle relative to the emelt . cycles in the 
Joe-eukuru complex ism not been established and it could be regarded ee 
representing a later stage *1 igneous activite than oither of the granite 

eyelet:, particularly es the eeere eine group of in runione lie outeide 

tie orea containing rocka of the ea 	paid late granitic cyclec. However, 

it is et least clear that there were three distinct phases of activity 
tee Jos-eukuru comelex, each of which be 	with intrusion of ampeibole-

faealite granite or porpayry. in the Rop complex the granites are generally 
included in a single cycle of activity, eut the author has already eueeeeted 
that the cycle should be considered as mates up of two phaece, the first 

to include the eraeitee up to an' including the late riebeckite eremite, 
end the eecond starting with intrusion of the Telles eephibole-fayalite 
pGrpOyry. in a similarammzr it is eossible to split the ealeri cycle of 
granitic activity into three separate phases, each of which begins with 

intruseoe of fayalite granite o eerphyry or, in the ease of the late ehaee, 

intrusion. of a Dore basic rock. ehe author sets that these phases of 

activity in verious cycles of granitic intrusion represent intermittent 

generetion of a parent magma, or ietermittert reeeneretiou of activity in 

the parent magma, that differentiates to give the following eranitie 
intrusions; if this is so then it should be possible to ehow eestemetic 
variation in the cowposition of the rocks of seen phaee, ane this can be 
shown at least for the postulated first phase of activity in the Rep complex 
(Table 21) and, possibly, for the lest plume of activity in the ?alert cycle. 
euccessive intrusions of biotite elunite in these pulses of activity 
should 640W decreaeing contents of elemina, relative to alkeli Omolecular 
proportions), and the author has previeuely suggested that this is possibly 
what happens in the biotite eranites of Aso complex. Although lutereietent 
=emetic activity would accouet for the repetition of various intruelve 
sequences in different coeplexes, it will require a considerable amount of 
analytical wore to prove or disprove the eueeeetion. t will, ale° of couree 
be eecomeary to sugeeet a cause of intermietent generatiott of, or renewal 
of activity in, the parent magma. 
5. 	Until a. more detailed study of certain complexee has been made, it 

is perhaps erematere to ouggebt a time sequence of formation of any of the 
comelexes in the Younger ermuite erovince eut, tentatively, the author 
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suggents (a) the ena-ealeri complex represents ate early period of activity 
in the erovince, e,rhape contemporeneoue with the formation of the early 
basic and granitic rocks of Sara-eier and laneahin; (t) tare are similaritiee 
in the sequence of eventa and in tne types of intrusion le the ,;oe-Alkuru, 
QI 5d ziop complexeo. au it in probable Vent these complexes ere clopely 

related in time of formation. end they may neve be iorzn during a period 
of maximum leneous activity in the %teeter ennIte revince; Cc; complexes 
Ai the north such as Liruei are prabeble repreeentative of a later period 
o eneous activity. This suggested time sequence is hosed on variations,  
in compositioe of amphibole-feyelite erenitee nno porphyriee an these 
coplexes, new it eseumes that the acmite-rich early porpeyrice in Oiruei 
complex represent later differentiatea than other amphibole-feyalite erneetee. 
k6) 	ne differeucee in distributiou ot rock types and the different 
patterns of ieneoue activity in complexee of northern end southern type 

are at least pertly explicable in tome of veriatione in the composition 

of the parent mama of the eranitea retied in theee different typee of 
complex. The relatively short cycles of ereeitic activity and smell 

numbers of intrusions in the norteern coeplexee could be accounted for 
if the Parent waemas in theye complexes were compositionally similar to 

the early intrusions of amehtbole-fayalite granite eno porpeyry in the 

Liruti complex; maemee reletively depleted in iron, eeenesie ani use 

aed enriched in alkali relative to alumina. Such parent mamas kwhich 

would be only slightly more eaeic than the late intrualon of iSotum erfvedsonite 

eranite au ene-ealeri coaplex) would not be capable of producing a laree 
quantity of amphibole granite. "he alumina-poor nature of these erent 

magmae would explain the increased quantity of riebeckite eremite in the 

eorthern complexes es coeparee eith the small eeount of riebecette erenAte 

in the eouthern complexes. At is 81.60 pnpeible, from a consideration of the 

oompositiou of the reyulitee from •Liruea an free the petroerapnic descriptions 

of the rhyelates in the northern complexes, that hue leree proportion of 

rhyolite in the north is because the hick volatile end weter con ent of 

tole comparatively alkaline parent magmeswould favour their violent extrusion 

run levee along early fractures,. -iierteer analyses ef rhyolite are oovioualy 

necasaary in this conneeeon. i.Ocactly why there should be au fusel change in 
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the composition, of the parent magma in the northern and central-southern 

parts of the Younger aranite Province cannot yet be explained. 

7. 	Perhaps the major problem of the Younger Granite :Province, as 

of other aranitic provinces, is what is the origin of the parent rriklitie 

magma, aesuminc kit ca) an origin, by differentiation, from a parent 

basaltic magma is unfeasible, and  (b) granitisstion ale not played a 

significant part in the formation of the various members of the Youneer 

Granite complexes. Uossible origins of the parent granitic mama are 

(1) five a primary granite maama; (2) from the fusion of basement rocks 

at depth, followed by differentiation of the resulting magma; (3) from, 

thv fusion ual remobilisation of older granitic rocks of the ansement 

complex. The author ie not competent to discuss whether or not there 

is a arlaary aranitic magma underlying the Younger Granite iffrovince 

of aigeria, and there it insufficient information available about the 

compositions of tae basement rocks and older aranitea that lie concordantly 

in the basement) found throughout the founeer Cranite Province, to 

permit any consideration of (2) and (3). At the moment therefore no 

discussion of the or an of the parent magma of the Younger Cranites can 

he entered into. 
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APPEIZIX 1.  

lei to  :ables  in thesis  

qrerian roc',cs a  miner-SU T1!,omeholeturenn Jacobean et-al.- 4956): 
P13.48 Pankeain eyenite 
Px.48 Pyroxeke-from 113.46 
A.48 Amphibole from PB.48 

PB.13 Quartz-fayalite porphyry. Liruei complex. 
A.13 AmPiAbole from 113.13 
1.13 iimenite from PB.13 

P13.71 Horabloluie-fayalite porphyry. Shore Hills. 
A.71 Mphibole from P13.71 

!-11.47 Fine-grained hornblende-fayalite granite, Pankshin. 
Aaphibole from 113.47. 

113.94 Hornblende-fayalite granite. Joa-Bukuru complex. 
P13.38 Mbul nornblende-fayalite 6ranite. Kaleri complex. 
A.38 Amphibole from P13.38 

PH.36 Biotite-norublende granite. kaleri complex. 
13.36 Green mica from lH.36. 

PB.87 Coarse hornblende-biotite granite. Amo canp1ex. 
13.87 Biotite from P13.87. 

P13.45 Hornblende-biotite granite. l'ankshin complex. 
A.45 Amphibole from PB.45. 
B.45 Biotite from P13.45. 

PB.51 Fine-ermined hornblende-biotite granite. Pankshin complex. 
A.51 Amphibole from PB.51 
11.51 Biotite from kB.51. 

PB.24 Hornblende-biotite granite. Sara-Fier complex* 
1.24 limonite from 01.24. 

P8.96 Early hornblendebiotite granite. joe-Bukuru complex, 
A.96 Amphibole from PB.96. 

e3.97 Early horoblehde-biotite granite. Jon-Bukuru. 
A.97 Amphibole from PB.97 
1.97 Ilmeuite from P13.97. 

PB. 6 Granite porphyry. Liruei complex. 
A. 6 Amphibole fro r13. 6 
1. 6 limonite from .FB. 6. 

111.37 Hotum arfvedsouite granite. 4a1eri corJplex. 
A.37 Alkali amphibole from I:B.57 

PB. 3 Albite-riebeckite cranite, Liruei complex. 
R. 3 Alkali amphibole from 113. 3. 
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7 Riebeckite,aegirine granite. iirue1 cc iez,  
R. 7 Alkali amphibole from 	7. 

P3.20 Aegirine-riebeckite granite. Liruei. 
1.20 • Alkali amphibole from FB.20. 

Ag.20 Aegirine from J"ii.20. 
C.20 Lossyrite from P3.20. 

PB.50 Riebeekite eranite. ;Sara-Fier complex. 
R.50 Alkali amphibole from PB.50. 

PR.57 Fine-grained riebeckite granite. Sara-Pier, 
11,57 Alkali amphibole from 113.57. 
3.57 pica from P13.57. 

P3.58 Coarse grained rlebeckite granite. 	Fier. 
• 3.58 Alkali amphibole from i3.56. 
P3.53 41bite-riebeckite granite. Shere hills. 
11.63 Alkali amphibole from PB.6). 
• PB.64 Riebeckite-biotite eranite. Shere  

3.64 Alkali amphibole from ,Jhere Hills riebecki -biotite cranite. 

P3.65 Riebeckite-blotite ,; -ranite. Shere Hills. 
R.65 Alkali tazphibole from PB.65. 

P3.83 Albite-riebeckite granite. kigom dills. 

p13.64 
PR.c5 	H 	H 	H 	H 

3.85 Alkali amphibole from P8.85. 
PB.30 Kiebeokite granite. Amo complex. 
R.30 Alkalt  amphibole from P8.30. 

PB429 Biotite-rich facies of PB.30. Amo co2rjez. 
.B.29 Biotite from ?B.29. 

P2.92 Albite.Tiebeckite granite. Buji complex. 
3.92 Alkali  amphibole from P13.92. 
Ag.92 Aegirlme from kb.92. 
P8.79 Albite-riebeekite granite. Amo complex. 
R.79 Alkali  amphibole from PB.79. 

PB6100 Mama gAbbro. Tof complex. 

PE442 Nayfield-Gona albite-biotite granite. 
Other  mitnernle 4rom 1.deria and Glaewaere): 

yroxene: 

A. 5 Aegirine from ri4toc.14tQ-attglritile 	i.gom Hills. 
(0reenwood.1§51) 

Yerroaugite (Carmichael, 1960): 
1, From clove margin of dyke, Thinemuli, 	lcs1and.  
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2. Froa! pitchstone marfin of intrusion. SkrutiA,r, at 1 ..,1o.no. 
3. 

II 	 li 	i! 	11 	11 	
BOnd.0 lfur , 	" 	II 

4. n 	dacite lava. i:authaskrtiia, ,..n.,t 
Iceland. 

limonite from the Skaergaard intrusion. Vincent .Phillips, 1:54): 

1.  
2.  
3.  
4.  
5.  

From 
ft 

if 

ft 

Iiypersthene,vlivine bbro. 
middle abbro. 
hortonolite forrogabbro. 
ferronortonolite ferrogabbro. 
fayalite ferrogabbro. 

Cos6yrite: 

Av. Average of 14 cossyrite analyses (Yogi. 1r53. 
2A. Cossyrite from borphyritic obsidtan. 	. _ 
)A. 	" 	obsidian. lantolleria. 	,%.,arto 	, , 1„ 

Biotite: 

8.1 	Biotite from biotite -eranite. Liruez octallcx, kJp)casor 
et. al. 195) 
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n'aaeaa-  2.  

Methoda  ueed for chemical ard'mis  

Preparation of material for analysie: 

After the rock samples had been crushed to !WW1 sizes between 

-75 and -lib, an initial separatioe of the ferroaagneeian minerals was 

made by the Frantz isodynamic 3eparator, and this was followed by cen-

trifuging of the heavy fraction ia methylene iodide to remove any 

remaining quarts and felepar. Repeated centrifuging in Clorici solution 

separated the required mineral from cowposite grains and other ieaurities. 

eevertheless many of the einerals could not be separated from impuritiee 

by these methods, and these minerals had to be hand picked in order to 

obtain a fraction teat was pure eeough for analysis. Some difficulty 

was experienced in seearatina amphibole from finely intergrown aegirine 

and from aenienatite, and in separating amphibole from biotite, but 

generally tee purity of toe final fractions is considered to IBA% been 

areater than 

The quantities of pure material that could be separated varied 

ereatly; for most of the ampaiboIee the amount was greater than 0.5em, 

tut for many of the utter minerals it was between 0.2ga and 0.5gm, and 

for the ilnenites it was less than 0.2aa. 

Analytical methods: 

Calorimetric and gravimetric methods of analysis were used 

for the determination of Si0 Pg.° CaOand •tolal e U and. alumina 2, - 	—2 3,  
was determined by difference in the usual way. however, when eravimetric 

methods of analysis are used on iron-rich minerals with low alueium 

content, the figure oetained for alumina by the difference method is 

subject to error. mart of the error is duo to the fact teat tee.2G, 

precipitate contains zirconia, and possibly zinc and. lead, but the 

major part of the error is caused by the resei,ce el' platinum that has 

alloyed with the iron. during the double dehydration of silica eith nCl. 

Consequently, for the alkali amphiboles, aeeirine, aenigmatite, and 

ilmenite, the zirconia and alumina were determined separately -  ale follows: 

10 to 25mgms of sample were "fritteci" with lia20?, leached in water, and 

the volution boiled and filtered. Tee alkaline filtrate wa neutralised 
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and used for the detereination of alumina' and the reeidue was dissolved 

in 3N 1101 and used to determine eirconia. Both determinations ere made 

using the calorimetric methods xecomeended by aanaell (1950, le59). 

Calorimetric methods of analysis were used to determine Ti02, anO, and 

?205, and the alkalis were determined by flame ehotometer. Lithium was 
determined on the alkali amphiboles by means of the spectrograph2 and 

by flame ehotometer. or the spectrographic determination a synthetic 

"alkali ampeibole was made up, of comrosition similar to that of the 

Nigerian minerals, and including la,  lithium. This synthetic amphibole 

was used as a standard with which to compare the natural mieerals. 

Comparison of the photometric and spectrographic figures (Table 9) e,0 

good agreement. Total iron was aetermined either volumetrically, ae 

F00, or colorieetrically, as ':e203, and Fea was determined by tee 

ammonium vanadete method described by Wilson (1960). i'or chlorine, 

fluorine, and water, the methods recommended by Kolthoff and Sandell 

(1952) were employed. zinc was aeterminea colorimetrically (after 
elimination of other interfering trace metals) during; trace element 
analysis using a. silehtly modified method described by Stantoe et. al, 
(1962). Chromium was also determined calorimetrically on the alkali 

amphiboles but was always below tee limit of sensitivity (100ppm). 
where there wan sufficient aaterial, the minerals were analysed for 
the trace elements eu, eo, ei, sea eb, using calorimetric methods. 
Duplicate or triplicate analyses were made on approximately 0.5em of 
material for ei, Pb, Cu and eo, the results being satisfactory for Cu, 
ar4i Pi), but less so for Li. Althougt it was rarely possible to estinate 
Co because of interference by in, where tee aeount could ee determined 
it wao always less theme a.aaepm. 

1'A British jlemical standards saaple of iron ore, Cert. No. 	• was 
used to check precision ie the determination of alumina; alumina present 
was found to be 1. 	compared with a given value of 1. a':e  Determination 
carried out by nr. 1.5.e. oarmichael, eept. of eeology, imperial aollepe. 
2. Spectrograehic determination carriee out by 	eicholls, Dept. of 
Applied eeoceeeistry, imperial College. 
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Lack of material and time prevented complete duplication of 

mineral analyeee and results were only checked wher tbe methods being 

aced were known to lack a hig degree of precioion, or when any 

earticular reeelt was teought to be unusual.. 

All determinatiene of H2Cfr were carried out in duplicate 
or triplicate, usieg a sodium tunestate flux, and the reeults averaged 

if necessary. Deepite this the author ooneidere tee method used to 

be nighly unsatisfactory and a more precise and accurate method of 
ee R2  on alephibolee and biotitee is neceosary. 

The spectrogrephic results for is were checked by flame 

photometry but in neither case were duplicate analyses carried out. 

AS both these methods of determining Li are slightly insensitive the 

degree of aeeeement between the two sets of results ia considered 

satisfactory. 

'Tice, precision of the fluorine determinatien was asseened by 

estimating the recovery of fluorine from a standard solution of eae 

Recovery from a standard solution was eeteeen 954 and 
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